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NEOPROTEROZOIC S-TYPE GRANITES IN THE ALXA BLOCK,
WESTERNMOST NORTH CHINA AND TECTONIC IMPLICATIONS:
IN SITU ZIRCON U-Pb-Hf-O ISOTOPIC AND GEOCHEMICAL
CONSTRAINTS

WEI DAN#*## XIAN-HUA LI*%T, QIANG WANG**, XUAN-CE WANG#**,
and YU LIU*

ABSTRACT. The Alxa Block in northern China has been traditionally considered as
the westernmost part of the Archean North China Craton (NCC). However, recent
studies revealed that there are few Archean rocks exposed in the Alxa Block, and the
Paleoproterozoic geology of this block is different from that of the western part of the
NCC. Thus, the tectonic affinity of the Alxa Block to the NCC and/or other Precam-
brian blocks needs further investigations. In this study, we carry out integrated analyses
of in situ zircon U-Pb age and Hf-O isotopes as well as whole-rock geochemistry and
Nd isotopes for the Neoproterozoic Dabusushan and Naimumaodao granites from
central Alxa Block. Secondary ion mass spectrometry (SIMS) U-Pb zircon dating
results indicate that the Naimumaodao and Dabusushan granite plutons were formed
at ca. 930 Ma and ca. 910 Ma, respectively. These granites are peraluminous (A/CNK
value >1.0), and contain peralummous minerals such as muscovite and tourmallne,
similar to those of S-type granites. They are characterized by hlgh zircon 8'%0 values of
ca. 8.2 to 12.1 permil, corresponding to a calculated magmatic 3'%0 value of ca. 10.5 to
14.3 permil, variable zircon €(t) values of —6.2 to +3.8 (corresponding to Hf model
ages of 2.2 to 1.6 Ga) and whole-rock €y4(t) values of —10.1 to —4.5 (corresponding to
Nd model ages of 2.4-1.9 Ga). The petrological and Nd-Hf-O isotopic study indicated
that these granites were most probably generated by remelting of dominant (meta)sedi-
mentary rocks in an orogenesis-related compressional environment. There is a clear
contrast in the Precambrian geological evolution, including basement rock age data,
Precambrian magmatism and detrital zircon age patterns, between the Alxa Block and
the NCC. Furthermore, the new in-situ detrital zircon ages on Neoproterozoic (meta)
sedimentary rock suggest that Alxa Block is likely related to the Cathaysia Block of
South China during the Neoproterozoic, and amalgamated with the NCC since the
Early Paleozoic. Thus, our new data suggest that the Alxa Block is most likely a
separated Precambrian terrane from the Western Block of the NCC.

Key words: North China Craton, Alxa Block, Neoproterozoic, S-type granite,
zircon Hf-O isotopes

INTRODUCTION

Understanding of the formation and evolution of the North China Craton (NCC)
has been improved in the past decade by recognition of two Paleoproterozoic orogenic
belts, that is, the Khondalite Belt (Zhao and others, 2005; Xia and others, 2006; Yin and
others, 2009; Dan and others, 2012a) and the Trans-North China Orogen (TNCO)
(Zhao and others, 2001, 2005). There is a general consensus that the NCC was formed
at ca. 1.85 Ga (for example, Zhao and others, 2005; Zhai and Santosh, 2011), and it
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remained stable between ca. 1.8 Ga and 0.48 Ga, despite several episodes of intraplate
magmatism (for example, Peng and others, 2005, 2006, 2008, 2011a, 2011b; Yang and
others, 2011; Wang and others, 2012a). The eastern part of the NCC was mobilized and
modified since the Early Mesozoic, associated with widespread occurrence of magma-
tism, crustal deformation and lithospheric thinning (for example, Menzies and others,
1993; Yang and others, 2008; Wu and others, 2008 and references therein). Compared
with the relatively constrained geological evolution of the eastern NCC, the western
NCC, particularly the Alxa Block of the westernmost NCC, is poorly understood (Geng
and others, 2002, 2006; Li, ms, 2006; Dong and others, 2007; Dan and others, 2012b),
and consequently limits the broader understanding of the NCC.

The westernmost NCC, traditionally named the Alxa Block in Chinese literature
(Ren and others, 1987; Wu and others, 1998; Zhai and others, 2000; Geng and others,
2002, 2006), remains the least-studied area in North China. The Alxa Block has long
been thought as the westernmost part of the NCC (for example, Ren and others, 1987;
Wu and others, 1998; Zhai and others, 2000). Recently, it was considered to be either
the western extension of the Yinshan Block (Zhao and others, 2005; Zhao, 2009), or
part of the Khondalite Belt (Dong and others, 2007; Geng and others, 2010). However,
these models are inconsistent with the newly-identified magmatic rocks in age of ca. 2.3
Ga and ca. 0.9 Ga from the eastern Alxa Block (Geng and others, 2002; Dong and
others, 2007; Geng and Zhou, 2010; Dan and others, 2012b), as the similar-aged rocks
have not been reported within the Yinshan Block and/or the Khondalite Belt. Dan and
others (2012b) demonstrate that the eastern Alxa Block has a different thermo-
magmatic record from the Yinshan Block and Khondalite Belt of the Western Block of
the NCC during the Paleoproterozoic time. However, the Neoproterozoic evolution of
the Alxa Block remains unclear. The Neoproterozoic granites in the Alxa Block were
classified as either S-type (Geng and others, 2002) or A-type granite (Geng and Zhou,
2011). This ambiguity hampers a complete understanding of the Neoproterozoic
evolution of the Alxa Block and its relevance to the NCC.

In this study we carried out integrated analyses of in situ zircon U-Pb ages, Hf and
O isotopes and whole-rock geochemistry for two Neoproterozoic granite plutons, and
detrital zircon U-Pb ages for a metasedimentary rock from central Alxa Block. The aim
of this work is to (1) place robust chronological and geochemical constrains on the
timing and petrogenesis of these Neoproterozoic granites, and (2) investigate the
tectonic affinity of the Alxa Block with the NCC and other continents in the Neopro-
terozoic time.

GEOLOGICAL BACKGROUND

The North China Craton is the largest and oldest Precambrian craton in China. It
has been divided into three Archean continental blocks (that is, the Eastern, Yinshan
and Ordos blocks) and three Paleoproterozoic mobile belts (that is, the Khondalite
Belt, the Trans-North China Orogen and the Jiao-Liao-Ji Belt) (for example, Zhao and
others, 2005) (fig. 1). Itis generally considered that the NCC was finally formed during
the Late Paleoproterozoic (1900-1850 Ma) (for example, Zhao and others, 2001, 2005;
Kusky and Li, 2003; Guo and others, 2005; Kroner and others, 2005, 2006; Kusky, 2011;
Zhai and Santosh, 2011). After cratonization the NCC remained stable until the Late
Paleozoic, though several intraplate or riftrelated magmatic episodes took place
between the Late Paleoproterozoic and Paleozoic, including the 1.78 to 1.77 Ga mafic
dike swarms (Peng and others, 2005, 2006, 2008), 1.78 to 1.75 Ga rift-related Xiong’er
Group volcanism (Zhao and others, 2002; Peng and others, 2005, 2008; He and others,
2009), 1.4 to 1.2 Ga mafic dikes (Zhang and others, 2009; Yang and others, 2011), 925
to 900 Ma mafic dike swarms/sills (Liu and others, 2005; Gao and others, 2009; Peng
and others, 2011a, 2011b; Wang and others, 2012a), 860 to 800 Ma acid volcanics
(Peng and others, 2010) and 480 Ma kimberlites (Li and others, 2011).
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Fig. 1. Tectonic subdivision of the North China Craton (modified from Zhao and others, 2005).

The western part of the NCC consists of the Yinshan and Ordos blocks and the
Khondalite Belt (Zhao and others, 2005) (fig. 1). The Alxa Block is generally thought
to be the western extension of the Yinshan Block in the westernmost NCC (Zhao and
others, 2005). It is largely covered by Cenozoic sediments, and the outcrops of
pre-Neoproterozoic crystalline basement rocks are only seen in the southwestern and
eastern parts of the block (fig. 2). The oldest rocks, exposed in the poorly dated
Beidashan Complex (fig. 2), are ~2.5 Ga granitic gneisses (Gong and others, 2012).
The Longshoushan Complex, exposed in the southwestern Alxa Block, is composed of
amphibolite-facies metamorphosed igneous rocks formed at ca. 2.2 to 1.9 Ga, and
greenschist-facies meta-sedimentary rocks of <1.72 Ga (Tung and others, 2007; Gong
and others, 2011). It was unconformably covered by the Mesoproterozoic to Neopro-
terozoic sedimentary rocks (GSBGMR, 1989). The Diebusige and Bayanwulashan
complexes (fig. 2), exposed in the eastern part of Alxa Block, were previously thought
to be the Archean basement rocks in the Alxa Block (Huo and others, 1987,
NMBGMR, 1991). Our recent work demonstrated that these complexes were formed
during the Early Paleoproterozoic, and underwent two events of metamorphism at
~1.90 Ga and ~1.80 Ga (Dan and others, 2012b). The Mesoproterozoic medium- to
low-grade metamorphosed sedimentary sequences were redefined as the Alxa Group
(Geng and others, 2007). The Alxa Group was unconformable covered by un-
metamorphosed to very low-grade metamorphosed sedimentary sequences (that is,
quartzite, slate, dolomite and limestone) (NMBGMR, 1991; Chen and others, 2004),
which were probably formed during the Neoproterozoic (Li, ms, 2006).

Geng and others (2002) first recognized Neoproterozoic age (970-845 Ma)
granites in three localities within the Alxa Block. Apart from one granitic dike of 30 m
wide located in the Gelintaishan, the remaining two Neoproterozoic granite plutons
occurred at the Dabusushan and Naimumaodao (fig. 3).
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Fig. 2. Distributions of Precambrian basement rocks in the Alxa Block and adjacent areas (modified
from Dan and others, 2012b).

FIELD GEOLOGY AND SAMPLE DESCRIPTIONS

The Dabusushan pluton, the largest Neoproterozoic granite pluton in the Alxa
Block, crops out over an area of 25 km®. It consists of gneissic two-mica granites
containing biotite (2-10 vol.%), muscovite (5-10 vol.%), K-feldspar (30-45 vol.%),
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Fig. 3. Geological sketch-map of the Bayinnuoergong area (modified after NMBGMR, 1991), with
locations of dating samples.
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Fig. 4. Field photographs and photomicrographs showing the Neoproterozoic granites and gneisses
from the Alxa Block. (A, B) Naimumaodao two-mica granites; (C, D) showing the feldspars were split and
filled with quartz; (E, F) Gelintaishan amphibolitic gneisses. The mineral abbreviations are after Kretz
(1983).

plagioclase (10-30 vol.%, An = 10-30) and quartz (30-40 vol. %), as well as trace amount
of magnetite, apatite and zircon. The Naimumaodao pluton crops out over an area of 7
km? to the northwest of the Dabusushan pluton. It also consists of gneissic two-mica
granites, containing biotite (2-10 vol.%), muscovite (2-10 vol.%), K-feldspar (40-50
vol.%), plagioclase (10-30 vol.%, An = 10-30) and quartz (20-30 vol.%), as well as trace
amounts of tourmaline, magnetite, apatite, zircon and monazite (figs. 4A and 4B). The
two-mica granites from the Dabusushan and Naimumaodao plutons were recently
dated at 913 £ 7 Ma and 921 * 7 Ma, respectively, by LA-ICPMS zircon U-Pb
technique (Geng and Zhou, 2010). Both plutons underwent strong deformation as



Westernmost North China and tectonic implications 115

seen in the gneissic structure defined by parallel-oriented mica and augen feldspar
crystals. Under microscope, a few feldspars were split and filled with quartz (figs. 4C
and 4D). Two samples (09AL53 and 09AL62) from the Dabusushan pluton and one
(09AL101) from the Naimumaodao pluton were selected for in situ zircon U-Pb dating
and Hf-O isotopic analyses. The sample sites are shown in figure 3.

In addition, a gneissic biotite granitic dike intruded the Deerhetongte Formation
of Alxa Group at Gelintaishan (fig. 3) was dated at 904 £ 7 Ma by LA-ICPMS zircon
U-Pb technique (Geng and Zhou, 2010). We collected an amphibolitic gneiss sample
(09AL93) from the Deerhetongte Formation (fig. 3) for in situ zircon U-Pb dating and
Hf-O isotopic analysis. The amphibolitic gneiss is interfingered with mica-quartz
schist, and it underwent strong deformation and metamorphism to amphibolite facies
(figs. 4E and 4F). Geochemical characteristics suggest that the amphibolitic gneiss was
of metasedimentary origin (see below).

ANALYTICAL PROCEDURES

Whole-rock Geochemistry

Major element oxides were analyzed on fused glass beads using a Rigaku RIX 2000
X-ray fluorescence spectrometer at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. Calibration lines used in quantification were produced by
bivariate regression of data from 36 reference materials encompassing a wide range of
silicate compositions (Li and others, 2005). Analytical uncertainties are between 1
percent and 5 percent. Trace elements were analyzed using an Agilent 7500a ICP-MS at
the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGG-CAS),
Beijing. Analytical procedures were similar to those described by Li and others (2000).
About 50 mg of each powdered sample were dissolved in a high-pressure Teflon bomb
for 48 hours using a HF+HNOg mixture. An internal standard solution containing the
single element Rh was used to monitor signal drift during counting. A set of USGS and
Chinese national rock standards, including BHVO-2, BIR-1, AGV-2, RGM-2, GSP-2,
JG-1 and JG-2 were chosen for calibration. Analytical precision typically is better than 5
percent. Geochemical results are presented in table 1.

Nd isotopic compositions were determined using a Micromass Isoprobe multi-
collector ICP-MS at IGG-CAS, and analytical procedures were similar to those de-
scribed by Li and others (2004). Nd fractions were separated by passing through cation
columns followed by HDEHP columns. Measured '**Nd/'**Nd ratios were normalized
to ""Nd/'""Nd = 0.7219, and further adjusted relative to the Shin Etsu JNdi-1
standard of 0.512115. Whole-rock Nd isotopic data are listed in table 2.

Zircon U-Pb Dating

Zircon concentrates were separated from approximately 2-kg rock samples by
conventional magnetic and density techniques to concentrate non-magnetic, heavy
fractions. Zircon grains, together with zircon standards 91500, Plesovice, and Penglai
were mounted in epoxy resin mounts, which were then polished to section the crystals
in half for analysis. All zircons were documented with transmitted and reflected light
photomicrographs, as well as cathodoluminescence (CL) images, to reveal their
internal structures.

Measurements of U, Th and Pb were conducted using the Cameca IMS-1280 at
IGG-CAS. U-Th-Pb ratios were determined relative to the standard zircon PleSovice
(Slama and others, 2008), and their absolute abundances were calibrated to the
standard zircon 91500 (Wiedenbeck and others, 1995), using operating and data
processing procedures similar to those described by Li and others (2009a). The O,
primary ion beam was accelerated at 13 kV, with an intensity of ca. 8 nA. The ellipsoidal
spot is about 20X30 wm in size. Positive secondary ions were extracted with a 10 kV
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TABLE 1

Geochemical data for the Neoproterozoic rocks from Alxa Block

Rock type Dabusushan two-mica granite
Sample No. 09AL53 09AL54 09ALS5 09AL62 09AL63 09AL64 09AL65-1 09AL65-2

Major elements (wt.%)

Si0O, 79.06 75.99 73.88 74.42 74.66 74.44 75.83 75.53
TiO, 0.18 0.15 0.15 0.28 0.22 0.25 0.08 0.09
AlL,O4 11.59 13.24 14.13 13.62 14.19 13.86 14.03 14.15
Fe,0;" 1.37 1.10 1.00 2.18 1.52 2.18 0.91 1.07
MnO 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01
MgO 0.21 0.19 0.19 0.32 0.30 0.32 0.14 0.14
CaO 1.08 0.89 0.63 1.32 1.26 1.21 0.63 0.64
Na,O 2.13 2.19 2.06 2.76 2.56 2.29 2.90 2.81
K,O 4.32 6.21 7.95 5.04 5.21 5.28 5.44 5.52
P,05 0.09 0.09 0.10 0.09 0.15 0.18 0.17 0.18
Total 100.04 100.09 100.11 100.06 100.08 100.03 100.15 100.14
L.O.I 0.86 0.74 0.72 0.44 0.90 1.01 0.82 0.90
DF3

C 1.7 1.5 1.2 1.4 2.4 2.6 2.6 2.8
A/CNK 1.14 1.11 1.08 1.10 1.17 1.19 1.19 1.20
Trace element (ppm)

Sc 0.31 0.21 0.25 5.0 1.4 1.9 0.60 1.1
A% 4.0 3.6 6.1 10 8.6 8.3 0.74 0.70
Cr 1.4 1.9 1.3 2.1 3.8 3.1 0.53 0.56
Ni 1.3 1.1 0.65 1.4 2.6 2.6 0.33 0.36
Ga 19 18 18 20 21 24 22 23
Rb 190 257 295 236 204 222 417 420
Sr 50 63 66 72 114 68 21 21
Y 13 15 19 51 14 27 15 15
Zr 109 104 118 180 162 134 45 41
Nb 17 15 15 17 14 17 11 12
Ba 195 312 368 549 911 320 27 30
La 25 27 26 55 40 45 9.0 8.2
Ce 59 62 60 108 86 97 23 21
Pr 6.9 6.9 6.4 12 8.9 11 2.7 2.3
Nd 28 26 24 43 32 40 10 9.1
Sm 7.7 7.1 6.7 8.6 7.0 9.9 3.6 3.2
Eu 0.42 0.54 0.62 0.68 1.1 0.60 0.11 0.10
Gd 6.0 54 5.2 8.9 6.1 8.2 2.7 2.2
Tb 1.0 1.0 1.0 1.5 0.91 1.4 0.59 0.53
Dy 4.1 4.1 4.2 7.6 3.7 6.0 3.0 2.7
Ho 0.39 0.47 0.55 1.5 0.44 0.91 0.50 0.47
Er 1.2 1.2 1.3 3.8 1.4 2.4 1.1 1.0
Tm 0.07 0.08 0.11 0.61 0.14 0.28 0.16 0.16
Yb 0.78 0.79 0.87 3.7 1.0 1.9 1.1 1.0
Lu 0.11 0.11 0.12 0.56 0.14 0.28 0.17 0.16
Hf 3.7 34 3.6 5.2 4.6 4.7 2.1 1.9
Ta 1.6 0.70 0.70 1.0 0.78 1.3 1.0 1.8
Th 17 16 14 29 15 22 8.2 8.6

U 2.9 3.0 3.8 4.0 2.5 3.2 1.4 1.4
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TaBLE 1
(continued)
Rock type Dabusushan Naimumaodao Gelintaishan
two-mica granite two-mica granite Amphibolitic gneiss
Sample No. 09AL53 09AL54 09AL55 09AL62 09AL63 09AL64 09AL65-1 09AL65-2
Major elements (wt.%)
SiO, 76.03 75.76 74.97 76.38 77.39 80.04 52.45 48.83
TiO, 0.06 2.40 0.07 0.33 0.40 0.26 0.54 0.85
Al,O4 15.90 12.14 13.64 13.92 13.23 11.30 7.73 14.44
FezO3T 0.21 0.84 0.70 2.10 1.50 2.02 4.06 4.90
MnO 0.01 0.01 0.01 0.01 0.01 0.04 0.08 0.08
MgO 0.19 0.33 0.18 0.92 1.03 1.16 12.95 13.25
CaO 1.19 2.12 1.80 0.55 0.87 043 19.03 13.53
Na,O 4.61 4.83 2.14 3.05 4.51 3.20 0.37 0.39
K,O 2.02 0.89 6.35 2.69 1.08 1.51 2.18 3.12
P,Os 0.02 0.86 0.19 0.13 0.14 0.10 0.08 0.14
Total 100.24 100.19 100.06 100.08 100.17  100.06 99.47 99.54
L.O.I 0.85 0.59 1.83 1.54 1.22 1.41 3.57 4.58
DF3 -2.37 -4.67
C 4.0 1.4 0.4 5.3 3.4 3.9
A/CNK 1.33 0.95 1.00 1.56 1.30 1.47 0.21 0.50
Trace element (ppm)
Sc 0.66 33 1.8 8.4 7.9 6.9 10 15
\% 1.5 74 4.0 24 21 18 116 158
Cr 0.66 80 1.5 9.2 14 8.0 41 67
Ni 0.88 4.0 2.5 2.0 4.0 2.3 14 21
Ga 21 14 20 18 17 15 10 20
Rb 59 47 244 134 49 76 122 169
Sr 418 50 103 35 117 52 89 138
Y 7.2 117 18 35 37 28 27 34
Zr 31 1012 41 126 163 92 193 181
Nb 4.2 73 7.5 11 13 8.8 9.8 15
Ba 1125 97 234 253 182 149 222 337
La 8.5 135 10 35 34 25 28 35
Ce 16 272 22 74 78 55 54 72
Pr 1.8 33 2.6 8.2 8.2 6.0 6.0 8.3
Nd 7.2 127 9.8 31 32 24 24 33
Sm 1.6 28 3.1 6.7 7.0 5.4 5.1 6.7
Eu 0.76 2.2 0.41 0.61 0.57 0.46 0.86 1.2
Gd 1.5 26 2.2 6.2 6.6 5.0 4.4 5.5
Tb 0.25 4.5 0.54 1.1 1.2 0.91 0.72 0.91
Dy 1.2 22 2.9 5.7 6.1 4.8 4.2 5.3
Ho 0.22 3.8 0.59 1.1 1.2 0.93 0.75 1.0
Er 0.60 10 1.2 2.8 3.0 2.3 2.1 2.8
Tm 0.09 1.4 0.21 0.46 0.49 0.38 0.35 0.46
Yb 0.59 8.9 1.3 2.7 3.0 2.3 2.2 2.8
Lu 0.09 1.3 0.21 0.41 0.45 0.33 0.35 0.44
Hf 1.4 29 2.0 4.0 4.6 3.0 5.2 5.1
Ta 0.30 2.9 0.83 1.0 1.1 1.1 0.93 1.3
Th 2.4 61 8.1 17 19 14 8.7 14
U 1.2 54 2.6 1.4 29 2.4 1.9 2.6

DF3 = —0.21Si0, — 0.32 Fe,0;" — 0.98MgO + 0.55Ca0 + 1.46Na,O + 0.54K,O + 10.44 (Shaw, 1972).
A/CNK = molar Al,O4/ (CaO + Na,O + K,0).

C = normative corundum.
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TABLE 2

Whole rock Sm-Nd data for the Neoproterozoic granites from Alxa Block

Sample 7Sm "Nd 26m end®  Tom(Ga)  Topm(Ga)  fsmng
EENTT EENT

Ca. 0.91 Ga Dabusushan two-mica granite

09AL53 0.1662  0.512177  0.000007 -5.5 3.11 2.00 -0.16

09AL54 0.1650  0.512217  0.000012 -4.5 2.92 1.93 -0.16

09ALS55 0.1687  0.512181 0.000013 -5.7 3.27 2.02 -0.14

09AL66 0.1343  0.511747  0.000007 -10.1 2.68 2.38 -0.32

09AL62 0.1208  0.511747  0.000010 -8.6 2.30 2.26 -0.39

09AL63 0.1322  0.511883  0.000009 -7.2 2.36 2.15 -0.33

09ALo64 0.1495  0.511993  0.000009 -7.1 2.74 2.14 -0.24

Ca. 0.93 Ga Naimumaodao two-mica granite

09AL101  0.1265 0.511938  0.000012 -53 2.12 2.01 -0.36

09AL105 0.1359  0.511971  0.000012 -5.8 2.31 2.05 -0.31

Standard reference

BCR-2 0.512640  0.000006

Exg (1) = 10000 X {[(M*Nd/"Nd), — ("'Sm/"™Nd), X (& — 1)]/[("*Nd/"Nd) cxrom.0 — (7Sm/
14N ) M= 1) = 1) Ty = 10 X In{l + [(“3Nd/"*Nd), — (143Nd/144§3f;§]/[Q“Sm/

144 )CHUR14>7< ( 144 1 14 144
Nd), = ("'Sm/ " "Nd) pyl} Topy = Ty — (Toy — 0 (e — £) /(e — o) ) me/Nd = ("'Sm/"'Nd),/

(147Sms/14A‘Nd)CIIUR — 1; where f,, f, and f},\; are the fg,,, ,nq values of the continental crust, sample and

the depleted mantle; f, = —0.4, f,,, = 0.08592; t = crystallization time; (147Sm/14£"Nd)s and (143’Nd/

144N (), are values of analysed sample; (1*7Sm/'**Nd) oyur = 0.1967 and (M**Nd/"*Nd) ¢yur.o = 0.512638;
147 144 Y RS 144 147 144 ’

("*"Sm/ " Nd) py = 0.2135 and ("*°Nd/ "'Nd) p = 0.51315; (**'Sm/ "*Nd),. = 0.118.

potential. A mass resolution of ca. 5400 was used to separate Pb" peaks from isobaric
interferences. A single electron multiplier was used in ion-counting mode to measure
secondary ion beam intensities by peak jumping. Each measurement consists of 7
cycles. Analyses of the PleSovice standard were interspersed with those of unknown
grains. A long-term uncertainty of 1.5 percent (1 RSD) for 206p, /238 measurements
of the standard zircons was gropagated to the unknowns (Li and others, 2010a),
despite the measured *°°Pb/***U error during the course of this study generally is
around 1 percent (1 RSD) or less. Measured compositions were corrected for common
Pb using non-radiogenic ***Pb. Corrections were sufficiently small to be insensitive to
the choice of common Pb composition, and an average of present-day crustal composi-
tion (Stacey and Kramers, 1975) was used for the common Pb, assuming that the
common Pb was largely surface contamination introduced during sample preparation.
Uncertainties on individual analyses in the data tables are reported ata 1o level. Mean
ages for pooled U/Pb and Pb/Pb analyses are quoted with 20 and/or 95 percent
confidence intervals. The weighted mean U-Pb ages and Concordia plots were
processed using Isoplot/Ex v.3.0 program (Ludwig, 2003). SIMS zircon U-Pb isotopic
data are presented in table 3.

The LA-ICPMS U-Pb dating for detritus zircons from the amphibolitic gneiss
(sample 09AL93) was conducted using an Agilent 7500a ICP-MS with an attached 193
nm excimer ArF laser-ablation system (GeoLas Plus) at IGG-CAS. The analytical
procedures are similar to those described by Xie and others (2008). Before analysis,
the sample surface was cleaned with ethanol to eliminate possible contamination. The
parameters were 32 pm spot size and 8 Hz repetition rate in this study. Every 10
unknown analyses were followed by measurements of two zircon 91500, two GJ-1 and
one NIST SRM 610 standards. 207Pb/ 206p and 2°°Pb /238U ratios were calculated using
the ICPMSDataCal software (Liu and others, 2010a, 2010b), using the zircon standard
91500 as an external standard. Common Pb was corrected according to the method



119

Westernmost North China and tectonic implications

LCl 8806 001 ¢ore  9vl e6¢le 0ST ISI'O 99T Syl IL0 S6900 100 910 1% 66¢ ['81
cel 1806 1701 ¢grre  6¢l 1616 SST IST'O L9 SV’ €90 L6900 000 8I0 IL 66¢ I'LT
el v9le L'¢l v9l6 8Tt €916 8ST €510 9CC L¥T 19T 96900 LI'0O T91 001 9 191
6'Cl LLI6 €€l 9L16 CTT¢ ¢LI6 05T €510 8I'C Ly 85T 96900 000 9¥'1 801 vL st
6'Cl L8I6 S6 906 <Ol T'168 0ST €510 85T S¥I 050 L8900 <00 LOO 144 0€9 'yl
6Cl T'6l6 CTOI L'606 191 6988 05T ¢€SI10 691 S¥I  8LO 98900 €00 II0 8¢ 19¢ el
8¢l  9¢l6 Lol 8606 S6I L006 0ST TSI'0O 8LT S¥I S60 16900 LOO 110 81 IL1 I'cl
LCr 0v06 601 ¢c¢le voc I'ce6 0OST IS0 I8T 9% 001 <TOLOO 000 ¢€T0 33 13! I'TT
6Cl  v0C6 LOI Svi6 681 0006 0ST ¢€SI'0 9.1 O9¥' 1 C60 0690 <00 L8O 123! 8LI1 101
LT SL06 L0l 006 86l ¢888 0ST IST'0 8L eyl 960 L8900 000 600 C eve I'e
vel T0le 67l €906 S6C L968 8ST TSI0O vIT  wL L 68900 $¥00 €0 S¢ vL '8
6Cl ISl6 07l SLI6 09C T1'¢€c6 IST €SI'0 L6l Lyl 8CTT 86900 €10 LTO S¢ 96 I'L
Vel 9656 CTTI 86 6'SC  L1C6  0ST 1910 L6  ¥vS'1T  LTT 86900 LOO 091 124! 06 9
et v9c6 ¢S'I1 I'St6  9¢Cc 1888 IST SST'0 061 91T SI'T 98900 000 €TI [44! 911 'S
¢l 008 991 868 99 ¥'896 0ST vv¥I'0 9LC TVl CE€T VILOO  6v'0 88l S6 0s 'y
8¢l £L06 TOI 9¢l6 0CSI 966 IST ISI'0 89T 9¥' I  vL0 <0LOO 000 600 9¢ €8¢ I'e
8CL 0916 90I 1'cc6  6L1 89¢6 05T €510 vLT  8F1T 80 €0.00 100 ¥I0 8¢ 00¢C I'c
I'ct 69v8 101 'S98 €91 I¢Cl6 <1 Ovro <L'T  +v€1l 080 +6900 900 00 vel (433 4!
6Cl  91¢6 801 vvce veol 01¢6 0ST +SI°'0 8LT o6’ S60 10,00 000 SLO OLT 44 !

(LTPESTHOLH “uS'FP. TI0PN) ESTV60 U edIW-0M) Uysnsnqeq

(eIN) (eN) EN) (%) N, () N (%) aqdy, (%) 0 (wdd) (wdd)

olF 8£C/907y olF SET/LOTy olF 90T/L0Ty olF G—QQON olF n—mhom olF h—mwom mooﬁ S‘,H UL n HOQm

Y201 DXJY YD UL Y04 2102042)04G0aN Y] 40[ SPNSL SUNDD Q) WOMIZ NS U

¢ A1V ],



W. Dan & others—Neoproterozoic S-type granites in the Alxa Block,

120

el 916 vl 60l6 tvcCc TS88 vST  $SI0 881 S¥T 601 68900 000 IL0 63 9¢l1 0¢
Lecr  €L06 90l 6006 88 +'¢88 06T ISI'0 9.1 €¥'1 160 98900 000 8I0 99 So6l1 61
el 0ele STl V'L06 6LC 0P68 961 CS1'0 LOC v¥T  9¢1T 88900 <CO0 8CTI 901 €8 81
9Cl 9706 66 ¢ero6  ¥vl 6.L68 05T 0SI'O 991 <1 0L0 0690 100 8I0 6L 9ty Ll
97l  8L68 T'1I 976 91C L86 05T o6v1°0 +81 9¥'1T 901 LOLOO 800 €C0 0¢ el 91
V1L SL08 96 L'LL8  8CL 06501 05T ¢€€I'0 €91 L€ $90 9¥LOO0 SS90 9T0 01 ¥8¢ Gl
el 666 TVl ¢eC6 o6 €806 91 GSSI'0 C€T 81 ILT €6900 000 SI0 61 9Cl1 14!
8Cl T806 80l 0¢cl6e To6l LYo IS IST°0 8LT 91 60 66900 €00 <€0 S 0L1 el
vZl 96L8 66 7968 8¢l 08Y6 I S¥I'o S9'1 vl 890 LOLOO TFO LIO ¥9 ILE 4!
8Cl vile STl ¢C06 S6C 1'8L8 051 TSI'0 80C <€V 1  v¥1  €8900 €00 +I0 143 1444 I
LCL L9906 L0l 9't06  tv6l 8668 05T IST0 8LT €T 660 68900 000 LSO 96 691 01
0¢l 9606 901 0vc6e S91 6856 et C¢e10 €1 8¥'L 180 O0[L00 120 1€0 9L e 6
LTl 8¢06 911 v'c06  8¥C 8868 05T IST'0O €61 €1 ICTT 06900 +00 0TI LTI 901 8
0cr Tev8 LTI 9888 10t €88 IST I¥lI'0 €I'c Ov' 1 05T I2L00 8€0 €11 6L 0L L
¢Cl To6L8 Tl 9898 L¢C QI¥8 CST  9v1'0 061 ST  SI'T 1L900 SO0 6¥0 29 9C1 9
¢Cl  TT68 SO0l I'eo6  8LI 00¢€6 0ST 810 vLT €¥1 L8O 10L00 LI'O 110 (44 €0¢ S
€L €998 LTI L'L88 v 0E OPr6 T vwl'0  €1'C  OF'1  0ST ¢S0L00 €C0 ¢€€1 90¢ GSl 14
LCr 0906 €11 €v06  6CC T006 OST  ISI'0  L8T v¥'I  CI'l 06900 ¥00 +CO0 6¢C [44! €
6Cl  €LI6 L0l I'e06 €6l €683 05T €510 LLT S¥VT  +6'0 L8900 <CO0 6C0 LS 961 (4
¢TIl SEL8  PvOI ¢'g88 081 9806 CST  SPI'0O 9L T 6¢€1 880 €6900 100 ¥I0 9¢ ¥8¢ !
(LIUELYTHOTH Wb TETTo0PN) T9TV60 9INUBIS €IIW-0M) Ueysnsnqe(q

o 0 o G0 o @ 0 N ) N 06 A4, () 0 (@) (wdg)
8£7/90y SEULOTGy 902/L0Ty o[F n—nﬁoom O[F ﬁ—ﬂrou O[F Qﬂwnom m@o@ UL UL n uOQm

(panuzjuos)
¢ a1dav],



121

Westernmost North China and tectonic implications

0¢r vece LS s0c6 Ty vele IST vSI'0 LST  8F'1T 80T S6900 800 6v0 IS 01 (44
0¢r 9Lc6 VIl 8¢€6 0¢C 6¥Ii6 05T SSI'0 881 8P 1 €'l 6900 000 600 €C 6¢¢ IC
I'vlk  SL¢6 97T 06c6 6SC 1606 191 LST'O SOT O0ST LTI ¢€6900 000 ¢STO IS 80¢C 0¢
L€l 89%¥6 €l TYS6 TTE T'IL6  SSTT  8SI'0 TCT 9ST 65T SILOO 110 850  vL LT1 61
cel g6 6Cl 9016  €1€ vee8 05T LSIO  €1'C  SPT CST 69900 LOO €S0 LL Syl 81
el 8816 gor oeve ¥9I ¥ece 0ST  6SI'0 OLT €T 080 0000 000 110 €S 0Ly L1
el 8Er6 80l 8LT6 88l L6883 ST 8S1°0  LLT 6¥'1 C60 L8900 ¥00 LIO 9 8C¢ 91
el TIv6 ¢l S0¢6 LLT €506 TST LSIT'O €0C 0T GS¢€1 7<T6900 000 010 [43 LEE Gl
6Cl T'6l6 VIl 6¢€06 9¢C 8998 05T ¢€SI'0 o681 vl SI'T 6,900 000 ¢80 L6l 9¢C 14!
0¢r  ¢¢c6 601 8L6 €61 986 05T vSI'0 BLT o6v' 1 S60 ¢€0L00 900 +€0 LT1 Sye el
vZ  66LI1 vi CI8I el LT81 IS1 Cceo  L91T  96v CTLO  LITT'O 200 8I0 Ly 19¢ 4!
1T 08SI €1 ¥8SI 4! 06ST 0S'T 8LT0 ¥9T 9L'€ 990 TBOO 000 190 191 §9T I
9¢l  IvC6 I'cl §¢C6 Tve €76  8ST  vSI'0 861  8¥'1 61'1 86900 €00 9C0 08 €61 01
0¢l  L0gL6 I ¢vec6e 9¢C 0606 0ST SSIT'0 681 81 SI'T €6900 000 <CvO 08 [4]! 6
SSl 0068 0¢l <T¢S68 <TPe 1806 981 8YI'0 IST IVl 891 €6900 600 050 8v S6 8
1T T6SI v1 1091 91 €191 IST 08C0 €L'T 8¢ S80 #6600 000 190 98 [44! L
8¢l 686 Il 9916 ¢S61 1488 651 GSI'0 S8T1 L¥I  S60 98900 100 600 6¢C 1443 9
8¢l L6l6 I ¥9c6 o661 STk6 191 €S1'0 88T o661 860 S0L00 €00 600 14 86¢ S
TEL 0606  SOT  8L06 €91 8¥06 95T ISI'0 SLT ¥#¥T  6L0 T6900 000 8I'0 9L 0l¥ 14
6'Cl  L8I6 ' 0¢r6e L1 T668 051 €510 #81 9%’ 1 901 0690 100 110 9% 60y €
8CL 9688 8¢l 9Ll6 €€ €68 vS1T 810 9CTC L¥'T 991 02L00 110 190 19 001 [4
8¢l Ovli6  CII L86 TICT S¢96 0S1T TSI'0 €81 O0ST 0L CILOO 100 LEO LOT 68¢ I
(LTTTLYTPOTH “16°TS,LIo0PN) TOI'TV60 d)1UEIS d1W-0AM) OBpoBIINIIEN
T o T 00 N 00 N ) 9dy, o N (Wdd  (wdd)
OIF  semoy  OUF sy °1F oomwyy oy n_mwmow orT @%MM olF G mwmw S0 L qL n 10ds
(panuzjuos)

¢ A4V ],



W. Dan & others—Neoproterozoic S-type granites in the Alxa Block,

122

Sl 0CIT el 6¢l1 €¢  9LIT 08T o06I'0 681 LOC SI'T <C6L00 €10 ¢SO (44 I8 9t
14! 0°69L (4 B 4 vl 696 vo6'l LCI'0O SOC STI 690 ¥ILOO S90 II0 Sy L6E $¢
el L68 4! 886 S¢ Sell  0ST ovI'0 961 S91 9CT 66L00 ¥T1 890 8§ 98 144
0¢ 66¢1 61 vevl or 88yl 9¢¢ w0 <P II'E ¥S0 0€600 100 I+°0 66 0¥c 194
14! ve0l cl LEOT ¢C ol 0S'T  vL1'0 L8T 8LT <I'T  OvLO0O LOO €v°0 Sy So1 (44
el €66 el 1'1¢6 6C ¢€L88 ISTT 910 80C 8FI <VI 98900 000 ¥#90 (V% LL 1T
el 6626 ¢l 9'l¢6 ve 9°¢¢6  0ST  SSIT'0 <61 O0ST 0TI <0LOO 000 CTro 144 901 0¢
91 €LTT 4! S6cCl 01l vOST  0S'T  00C0 091 85T ¢SO0 8600 €S0 €60 vLT S6¢C 61
Ic 9961 14! 0€91 Sl vILT 0S'T  SLTO OL1T 86'¢ 6L0 0SOI'0 LZCO 950 LET 1444 81
IC LEST el 09¢1 14 06T 0S'T  69C0 891 S9¢ 9L0 <8600 €00 660 801 Ol L1
6l 89¢l el 8S¢El 14! vrel  0S'T  9¢€C0  L9T I8T €0 €9800 100 I+°0 v9 59! 91
el 9°v06 01  97le6 LT Tce6  0S'T  IST'0 CL'T 9v' I €80 [10L000 000 9.0 OLI Y44 Sl
el 6906 66 8606 ¢l 69I6 05T IS0 €91 SV ¥90 96900 €00 8LO c6¢C €LE 14!
4! 88 4! 186 0¢ 80Cl 0T LyI'O €81 €91 01 S080°0 0T 8C0O L 65¢ el
L1 9¢cl 81 08¢l 9¢ ILel  0S'T  60C0 OFC €T L8T SL8OO0 S60 090 6C1 vic 4!
el 9616 SI - ¢'I¢g6 8¢ T'6S6 05T €510 Tvc O0ST 061 [TIL00O 000 880 $9 YL I
194 ELLT 14! 9081 0l vr81  IST  LIE0 091 <¢6v S50 LTITO €10 8¥0 I8 691 0l
Sl LSOT el vLOT $¢ 80IT 0T 8LI'0O S6'l 88T ¢TI S9L00 000 o610 8¢ LL 6
6l vl el Scvl S1 ocyl C¢S1  8yCT0 OLT LOE LLO L6800 CTOO 9¢0 6V Sel 8
91 (494! I oIl ¢l 81T 0T 9610 +v91 SI'C L90 96,00 000 IT0 Sy 91¢ L
el 1'6C6 ¢l 0'1¢6 S¢ ¢S106 05T SSI'0 €61 8¥1  CTCL 16900 000 6¢0 8% SOT 9
Sl S80I 4! 9601 L1 6I1T O0ST €810 €T 61T 980 69L00 910 9C0 I 861 S
Sl 601 [T €0rt 14! eIt ISt S81°0 991 961 890 ILLOO 100 1€0 eCl 96¢ 14
L1 LETT 4! 6¢Cl I evcl 0S'L CTITO 091 6¢€C 950 61800 <TO0 ¢SO 191 ele ¢
L1 8LIIT 4! Lyl I 89¢l  vS'I  10C0 991 <Tvrc 090 €800 600 610 861 1443 [4
31 6¢Ctl el I8¢1 91 vovl  0S'1T  6¢C0 PvL'T 06T L80 81600 ¥C0 6¢£0 9 911 !
(4€°50,50001T *4E'€LIT0PN) £6TV60 SSIUS dp1joqrydwie ueysieyuipRy
(BIN) (BIN) ) (%) N (%) N (%) ad (%) 0 (wdd)  (wdd)
OIF  gewory  °1F ooy ©1F ooz olF q %omomm o[F q mmmom o[F q mwmw S0T gL UL n 10ds
(panuuos)

¢ AT1AV],



123

Westernmost North China and tectonic implications

14 68C1 cl eeel Ie coel  oI'l  ICC0 v9'1  CLC CS1T  +880°0 870 19¢ ¢l [4S
194 08v1 I vl 123 vevl CL'T 8SC0 OVl TCE LTI 0600 ¥9°0 SIc 8¢l IS
Sl clcl I 8¢l (43 ovclr  S€1 LOTO 6ST  S€C O 0¢80°0 09°0 60T 149! 0§
4! 0811 01 0611 6¢C v8IT  €I'l  10C0 ¢Tv'l €T 8BI'l $6L0°0 LLO 9ty 9t¢ 67
6 66C1 8 c6cCl 1T 09¢1  8L0 €¢C0 601 85C S80 9T8O0 LEO 9¢9 344 87
0f 6911 0l 8811 8¢ Cocl  S60 6610 w1 TCC OFV1 <0800 €0 SLT S6 Ly
ov LETT 61 Ieve oy vLSCT vI'T SIv0 60T S86 ST LILLO ¢S o 101 9¢ 9v
14! LT91 0l €991 €C L8891 960 L8CO 0TI vI¥ 6I'l SE0I0 SLO [44% 01¢ 9%
8¢ 00ST 9¢ 0591 LS LIS 80°C <T9C0 STt 8OV 0¢€TC IIIIO 080 1C¢ 9LI1 144
LT €9l 0¢ eevl 99  8¢SI  TCC SETO  6SC  OI't I¥E  §S60°0 0L°0 ovy 80¢ 1974
cl 6111 [T 6¢I1 e 911 ¥I'T  061°0 SST  LOT <TST ¥8LOO 8¢°0 (437 81 (44
8 LLOT 6 1601 §¢ 9601 ¢80 <8I0 cC&l €61 Tl 09L00 960 90L SLY I
91 9651 91 6991 ve vpbLl  OI'T  I8C0 €61 8I'v L8T L9010 690 961 9¢l ov
el 106 81 £Co 85 SPe6 06T  0SI'0  L6CT 8¥'1 8CTCT <COLOO 90 8¢S LvC 6¢
Sl 0LET 61 143! vy OIvl  CTCL  LETO SVT  S6C €9C ¢€6800 6v°0 00¢ 86 8¢
L 6001 9 0001 0T 09¢6 IL0 6910 660 891 ¥I'T 0ILOO 0€0 919 161 LE
6 G811 81 444! vS  S9CI L8O T0TO 9¢T 0¢€C O0LT 8C800 SLO €6t 96¢ 9¢
91 6051 01 191 S¢ ecLl ITT ¥9C0 €1 68¢ 9I'l 65010 690 1443 1444 c¢
IC 9691 el ELLT 0¢  r8l  6€1 1060 8ST €LY €1 9CIT0 99°0 Lyv €6¢ 143
0T 0°¢I6 0l ['ST16 ve 8888 0CT €510 €91 91T  T91 L8900 910 L8E 9LI1 133
31 cecl 81 444! 8y 881 191 [TICT0 €S5S¢ [1€C 9LCT 96L0°0 0€0 0L IC [43
4! 6SY1 I Lyl S¢  89%I 680 PSCO 9¢l 9Tt 9T 07600 6v°0 vy 81¢ Ie
el vovl 4! (444! 6C gvl 901  evCT0 ¢Sl 90C 9T 66800 $6°0 LIS L6y 0¢
91 eell 4! ILTT 61 vycl 05T C6l'0  6L'1 LI'C L6O 61800 LOO I¥0 (1% ol1 6¢C
0¢ 0901 Sl I811 L1 oIyl 661 6LI'0 8I'C 0CTT 680 <6800 00 OI'I 16¢ 8¢CC 8¢
IC covl el 6051 el rest S0 19C0 891 e 690 <¢S600 €00 650 €8 vl LT
(4 €°50,50oP01 *4E'€TLITOPN) £6TV60 SSIUSB dnrjoqrydure ueysiejuipy
(BIN) (BIN) W) (%) N (%) N (%) ad (%) N (wdd) (wdd)
OIF  semoy  OUF ey °1F oomwyy oy @%Mow orF @%MM olF AEWMM S0 gL qr n 10ds
(panuuos)

¢ AT1AV],



W. Dan & others—Neoproterozoic S-type granites in the Alxa Block,

124

LT Slel el coer sy 0cel  8CC 9¢C0 081 ¢9C T81 <CS800 LY0 1€¢ 801 8L
14 IE€LT 11 14777 S 4 OvLT 160 80E0 €1 LSY OI'T 89010 Svo vy L1 LL
¢l [REY! 4! €Sl LT [e€sT  L60 +v9CT0 9% 1 8¢ OV 1 TS60°0 S60  0vc 6CC 9L
Ic L19T I 1€9C 1C ¢e9C  L60 1050 TCl  vecl 801 LLLTO 60 €Sl 14! SL
LT 09L1 81 OLLT I L8LT 8L'T  vI€0 8I'C CLY 681 <C601°0 9L°0 €8 €9 vL
cl 60v1 el LIyl 0¢ eyl 860 PO  S9OT  #0°E  S91 86800 Lo 09T L3I €L
8¢ 8Icc 91 Is¢cc ¢t 9Lcc 0T TIv0 81T 8I'8 691 0vrl0 L9°0 191 801 CL
Ic [F44! 0¢ orvl Ly eyl L91 LvT0  vST  €l'e 6v'C  £€C60°0 690 96 99 IL
14 ISTI 81 vell oy 9601 8C'T 9610 6SC 907C ST 09L00 1224 88¢ 80¢ 0L
el elel el 09¢1 ¢ 89IT SO'T 9¢C0 o6L1 9¥'C S81 88L00 LE0  TCl Sy 69
el 1244¢ 81 91T  oF ovelr I€T  9L1'0  L9C L6'1T 8LC 8I800 v6'0  9I1 601 89
01 TI'vS6 ¢l 87C66 9¢ vo01  LI'T 0910 ¥#8T1 991 ST 8¥L00 ¥9°0 54 8¢E¢E L9
143 LOVI 0¢ vl €L 9¢ST  99C wwCT0 ¢€6€ 8I't 09¢ ¥S60°0 87’0 0¢l €9 99
81 esCl 14! CLST T ¢os1  0€1  CLTO CL'T  0LE 9T €860°0 660  T8C 08¢ S9
LT 0LST L1 9091  ¢v v991  S6'1 9LC0 €I'c 98¢ 961 Cc0l'0 ¥8°0 S61 vol1 ¥9
91 1601 L1 Syil 09 Lycl 291 ¥81°0 o6v'C 60C L6C 1T800 IS0 ISy 6CC €9
LE SIol vC 180T T8 66Cl  68°¢ O0LT'0O S9¢ 061 ¢evre €¥80°0 L9°0 SL IS a9
el eyl 14 oSyl €t [IsT €0l S0 S81 0C¢ [ILT  1v60°0 890  0v¢C a1 19
el eell 4! ccel ce rocr  €r'r rrco  v¥9°r €€ IL°T CT080°0 Ly'0  LTT 901 09
91 6901 1T 90l SL 9¢0T 99T 0810 IT¢ S8T T9¢ ¢SvLO0 vr’o ol S9 65
94 Sovl L1 vevl v SPe1 LT S§ST0 00T 9¢E II'C 65600 a0 vl 88 8¢
[T LETI 4! 9GIT ¢ v8IT 60T €610 <CLT CI'C 9T S6L0°0 vr0  6LT Cl LS
8 $C06 IT  80¢t6 9¢  S¥86  ¥6'0 0SI'0 981 0ST C8T 0CTLOO 120 8IS 8! 9¢
1T €SIl Sl ¢SIL Ly 8SIT  S6'1 9610 <CCCc II'c 60C ¥8L00 o Lel 8¢ cs
L1 101 14! ¥901 Sy G801 SL'T SLI'O 9I'C  S81 CTL 9SL00 vaco - 079 4! 125
33 el 0¢ 9Lel  SL LLYT L8C CeC0 86t 88C CC¥ SC600 6¢°0 IS 0¢ 1939

(4 €°50,50oP01 *4E'E€TLITOPN) £6TV60 SSIUS dn1joqrydure ueysiepuipy

(BIN) (BIN) ) (%) N (%) N (%) ad (%) N (wdd) (wdd)
OIF  semy  O1F gy OUF sz opx @%owmm olF @mmwow olF @mwww ST L n 10ds
(panuuos)

¢ AT1AV],



125

Westernmost North China and tectonic implications

8 [4:14\ 61 viel €S 99¢I  IL0 0TC0 19C €S9C O0LC €L80°0 8C0 809 891 SOl
0T  SLpS 0¢ SOT1 87 [181 ST1 IyI'o €87 SI'Cc LTI LOTT O 6¢0 1cs £0¢C 701
8 1601 IC 8601 6§ 00IT SLO0 ¥8I°0 ¢CI't S6'1 0L0 79L0°0 610 189 8CI €0l
81 911 Y4 SOI1 L9 88IT 991 L61'0 T9¢ ¢SI'Cc 991 96L0°0 ¥C0 [4\ré 6v% 01
01 €881 8¢C 7981 LS €E8T 650 6£€0 8C¢ 97T¢ ¢€L0 ICIT°0 ¢80 (443 VLT 101
¢C 91¢CI 8% Geel ¢IT  €8S1T 80C 80OCTO 8Y'S 08C 98¢ 8L60°0 144 IS 801 001
6 8ISI LT 80S1 €9 98%¥I 690 99T0 L¥'¢ Iv'e 9I'l 62600 §S0 781 01 66
4\ 14891 8¢C [E%! 89 SSel  L6°0 9CC0 ¢€L'¢ ILC 091 8980°0 8C0 cCl 149 86
Sl 06¢l 8¢C €o¢cl 99 66¢l  QI'1 I¥Co €<9¢ v6'C I¢1 8880°0 LEO (444 06 L6
0¢ CL81 43 £e8l L 98LT O0CT Le€O 9I't 80'S SL'I c601°0 9¢°0 6 1 %9 96
144 1761 6¢ LI981 LL 96LT VYl Is€0 ISy 6CS 1TC 8601°0 60 0% LE S6
11 So¢l 9¢ So¢l 68 09¢T  L80 9¢T0 QLY ¥8C SCI 0L80°0 6¥°0 61 76 76
14! VLLI 8% 8SLI L8 OrLT €60 LIEO €61 S9% 6C1 o010 850 ICl 0L €6
Cl I¥Cl 8¢ €971 86 yoel  vO'I  CITO €S  Lv'C 9F'l S¥80°0 LTO 1443 €6 6
[4\ LSTI (4% IS¢l €0l  o66¥1 801 SICTO ¥9°S 8LT ¥C1 §€60°0 8C0 Y43 6 16
01 €Syl 9% 1S4l 801 vvvl €L°0 €SC0 08¢ LI'e ¥I'I 6060°0 0€0 VLT 8 06
Cl LTO1 8% [LOT LIT 9LIT STT €LT°0 LIT'9 LT L8 [6L0°0 LTO LY1 (017 68
6 9011 9 848! 6Cl  60CI L8O L8IO S99 80T €81 S080°0 SE'l 8C1 14¥4 88
6 10¢1 0¢ SY4! Sel  O8IT LLO ¥CCO0 689 ¥PC 86'1 €6L0°0 610 651 0¢ L8
8 0811 LE 6L11 0T CLIT 8L0 10C0 8CTS oI't 111 06L0°0 §C0 88C eL 98
L1 6681 9¢ Se8l L LSLT €01 €¥€0 ST¥ 60S 880 SLOTO e L61 69 ¢8
I 0SClI LT 65ClI 0L €Ll L6'0  ¥ITO 08¢ SyCT  Sel c€80°0 9C°0 6¢C €9 78
6¢C SLET (43 8¢l 9L SIvl  €g€C 8¢C0O0 61 06C 6SC $680°0 970 86 8% €8
61 7191 1574 SLSIT S¢S LIST S€T1T S8C0 CI'¢ ILe 2l S¥60°0 €S0 681 001 8
6 12918! L1 Iell 87 8LOT L8O 9610 ¥#SCT €S0C 680 7SLO0 o €8¢ Sy I8
L 418! 91 eell 1974 S8IT IL0 9810 6CC SOC VI S6L0°0 80°0 LSY 9¢ 08
149 0¢SI 0c¢ €91 0¢s SIST ¢SC 89C0 ¢¥C 00% OFcC 60110 9¢°0 OrT 19 6L

(L€50,S00P0TH . € €LTTOPN) €6TV60 SSIOUS dpIjoqiydure ueysiejurpn

(eN) (eN) N (%) N0 (%) n (%) ad (%) n  (wdd) (wdd)
OIF 8€T/907) OlF S€T/LOTY OlF 0TL0Ty  ofF n_%om%m OlF QMWONN olF nEMMM 209 UL UL n 1odg
(panuuos)

¢ AT1AV],



W. Dan & others—Neoproterozoic S-type granites in the Alxa Block,

126

6  S€EE 89 P'LEE  00F TH9E TSI 1€S0°0  SE€T v6£0 08T  8€SO00 00 600 79 199 €T
0 €'8¢e €¢ 066 S€C vErE 0SS T 6£500 €81 96£0 SOT €€500 000 110 LTI 6011 (44
0S  L6EE  6F 8¢ee €81 8T6GT 0ST I¥S00  OLT 68€0 180 TISO0 000 SI'0 80T v8E1 |14
0S 68¢¢ 0§ 0IvE  S61 SSSE 0ST 0vSO0 €L°1T 66£0 LSO 9€S00 TO0 600 101 9111 0¢
6  €LEE 'S S'6EE 09T €€T¢ 0ST LESOO 681 T6E0 SI'T  6TS00  TOO 600 S L19 61
0S  9.¢¢ IS 9vbe 061 +'T6E  IST 8¢S00 LT vOF0 S80 SPSO0O 000 010 801 8601 81
6y  €T6€ IS 0'LZ€ 6'€T 168C 0ST 62500 €81 08¢0 SOT 1ZSO0 900 600 98 vT6 L1
0 Sore 8¢ TYrE 98T 9'69¢ IST THSO0 86T +OF0 8TT 0¥SO0 100 010 8t S6t 91
0S  L6£E €9 v'8€€  6FE 96TE  IST I¥SO0  LI'T 96£0 SST  0£S00 TO0O 600 €S L09 S1
0S TIvE 19 TISE  S0¢ LLIY 0ST #¥S00 +0'T €I¥0  8CT  ISSO0 000 010 5% 91Y al
6 19 +°§ 6'1v€  L¥T TIZE IST S€S0°0 L8T 00¥0 II'T ZHSOO 100 010 IL 769 €l
'S €core 99 9'L€€  1'8¢ 8'8I€¢ ¥ST THSO0 67T v6£0 OLT 82SO0O TOO 010 99 €t9 4!
0¢ SLEE 96 9'LEE  §LT 6LEE ISTT 8€S00  S6'T v6£0  HTT  TESOO €00 010 6S L6S Il
6  6FEE 6§ 9'7€E  STE OLIE O0ST €£€500 80T 88€0 SHI LTSOO SO0 600 S¢ 76§ 01
6y LTEE S'S €PEE  ¥LT O0SPE 0ST 0€S00 #6'T 0660 TTT  +ESO0 €00 600 8t 8tS 6
0S  6vEE  S'S TEEE 9T LITE  €ST €€S00 €61 88€0 LI'T 8TSO0 +00 600 S Z19 8
6  6LE€ TS TOVE  1°CC $'SSE 0ST 8€S00 081 86£0 660 9¢500 TOO 910 el 168 L
6  Tree 8§ 8PEE 90§ 6'8¢E  0ST TESO0 €0C 16€0 9€1 TESOO <TOO 110 LL vIL 9
6 I'vee €L 6'€EE  €9F STEE IST TESO0 95T 68€0 LOT I€SO00  6LT SI0 4d! €€6 S
0°¢S Svee IS T6TE YTC L16T TST €€500 18T €8€0 660 12SO0 000 010 S8 $98 v
6  €£T€€  S'S LYEE 99T TISE IST 62500 T6'T 06£0 6I'T S€S0°0 000 010 09 6LS ¢
0S  8Tve ¢SS 0vbE TST STSE 0ST 9¥S00 881 €0F0 €I'T  9¢5S00 100 <TI0 €L 779 4
8y 86T 6S 0C7€E  STI€ vLVE 0ST STSO0 LOT L8EO THT  #E€SO0 000 600 LE LY I
9IIA0SI] DU3.I9Ja.a plepuel§

0z 00T ¥C LT61 Ly 6£81 9I'T  +$9€0 9LCT L9S 8ST STILO 9L°0 6t LE 801
0T  9%96 91 TL66 9  6S01 II'T 1910 SPFT L9T 96T 9vL00 S€0 v1¢ SL LOT
91 L8ET 81 88€T PP  TLET STT 0OVTO €vCT TO6T 9€T1 SLSOO 0€°0 01¢ €6 901
(€S0,S0070TH L EETLITOPN) €6TV60 SSIPUS dnrjoqrydure ueysrejurdn)

(eIN) (eN) en) (% N0 %) N (%) ad (%) n (wdd) (wdd)
o1F 8€T/907) o1 S€T/LOTY o1 90TL0Ty  OofF n_%om%m O[F @mmwowm oF smwww 20y L qyL n 10ds
(panuuos)

¢ AT1AV],



127

Westernmost North China and tectonic implications

"SINADIVT 4G T-[O pue ¢6TV60 3O 80T—0¢ srods woay 1rede SIS 4q pazdreue s10ds [Ty "qd,,, [B103 UL 4, Howwod jo dgeyusdtod ot st 908y,

L'L €709 80l 0¥%29 cv8 L9919 0¢T €I0I'0 €€C 6¥80 ¢S€C +090°0 90°0 89¢C Sl L1
69 T6Il9 80l 80I9 0°0S 989¢ O9I'T 800I'0 SE€EC ST80 €€CT 06500 90°0 89¢C Sl 91
€9 T<S09 0°8I ['18¢S LeS Svey 601 #8600 90V CLLO I¥'CT 0LSO0 90°0 LT Sl Sl
09 6119 VLI 1209 €Oy €TLS TOT 96600 8¢ 6080 <CI'C 76500 90°0 9LT 91 14!
8Yv  TS09 ¢l 196 Ser 6179¢ €80 ¥860°0 IL¥ 66L0 8LT 68500 90°0 c0¢ L1 el
6V 796§ SI1¢  TE6S 6'8¢ 8065 980 69600 00L ¥6L0 6L T L6SOO 90°0 18¢C 91 Cl
'S L009 9°6C TS09 ¢IL ST1€9 $6°0 LL60OO 69 SI80 <C8T 80900 90°0 6LC 91 Il
9'¢ €009 €8 17209 9ty €609 L60 9L600 ¥81 6080 9TC L8SO0 600 483 8¢C 01
§9 6119 96 8°¢CI19 cCL v'ee9  TI'T 96600 60C #€80 90T S0900 60°0 70¢ 8¢C 6
09 1°¢09 86 £e6s 00S Le€sS vO'T 18600 LI'C ¥#6L°0 10T 10900 600 69¢C 4 8
€9 ¢L6S 70l 8019 00S 1199 II'T IL600 LTC SC80 9¢€CT 91900 600 LT 9¢C L
9L 8609 VIl  6°L6S S¢S 09LS TET €8600 CSCT TO80 SSCT T6SO°0 600 ¥9¢ 144 9
L €009 LYl 17209 §eE6 €609 9TT 9L600 ¥TE¢ 6080 8LC 10900 010 14413 6¢C S
¥6 LS09 00T 8709 §9¢ Sv6S T91T 68600 0CTT TI80 LET L6SOO 600 09¢ 143 14
9°0I €009 08 1209 L0y €609 ¥81 9L600 LLT 6080 881 10900 600 [6¢ 9¢ ¢
['0T 9009 66 9°06¢ OvS L¢SS  9L'T LL6OO ITCT 68L0 1€C 98500 600 79¢ 139 [4
88 0009 ¥ZL vel9 7SS 8%99 PST SL600 O0LCT 0¢80 08T L1900 600 £9¢ 153 I
1-[5 UL pABpuUR)S
6¥l 6,901 8¢l TTLOI 6LC 11801 IST TO8T'0 90°C SL8T Ov'I SSLOO 900 S€0 IC 09 S
LYD  £€6S0I 991 €LLOT  88¢ 6°¢IIT 0ST 98LI'0 8FC 6881 L6'T L9LOO 000 S€0 IC 09 14
Lyl v¥SOT 8¢l ¥S901 +'8C 8LIOT IS T LLLT'O 80C SS8'1 vl LSLOO ¥00 €€0 0¢ 09 ¢
9v1  LPSOT 6'ST  ¥¥901  0LE €FI0T O0ST SLLT'O OFC €881 L8T 9SL00 600 ¢€€0 IC €9 [4
LYl v 1901 6'¢cl  99L01 +'8C SLOIT 0S'T 06L1'0 80°C L8Y'I vl $9L00 000 I€0 81 8¢ I
00S16 UIIIJII pAepuUB)S
(eN) (eN) ) (%) N (%) N (%) ad (%) n  (wdd) (wdd)
oIF 8£7/90 o1F SEULOG oIF NULLYy  o1F @%owmm Of+ Dmmhmomm OfF @mwmw %o@ UL YL n ods
(panuzuos)

¢ A1V,



128 W. Dan & others—Neoproterozoic S-type granites in the Alxa Block,

proposed by Anderson (2002). The weighted mean U-Pb ages and Concordia plots
were processed using Isoplot/Ex v.3.0 program (Ludwig, 2003). Analyses of the zircon
standard GJ-1 as an unknown yielded a weighted mean **°Pb/***U age of 605 * 4 Ma
(20, n=17), which is in good agreement with the recommended value (Jackson and
others, 2004). LA-ICPMS zircon U-Pb isotopic data are presented in table 3.

Zircon Oxygen Isotopes

Zircon oxygen isotopes were measured using the same Cameca IMS-1280 SIMS at
IGG-CAS. The original mounts were re-ground and polished to remove any trace of the
analytical pits after U-Pb dating. Measurements were made using a primary beam of
133Cs* jons accelerated at 10 KV, with an intensity of ~2 nA, focused to a diameter of
approximately 10 wm on the same area of the grains that were previously analyzed for
dating. An electron flood gun was used for charge compensation during analysis.
Oxygen isotopes, '*O and '°O, were measured simultaneously in multi-collector mode
using two off-axis Faraday cups. The detailed analytical procedures were similar to
those described by Li and others (2010b).

The measured oxygen isotopic data were corrected for instrumental mass fraction-
ation (IMF) using the Penglai zircon standard (8" O0ysmow = 5.83%o0) (Li and others,
2010c). The internal precision of a single analysis was generally better than 0.2 permil
(1o standard error) for the 80 /190 ratio. The external precision, measured by the
reproducibility of repeated analyses of Penglai standard is better than 0.50 permil
(2SD, n = 58).

Five measurements of the zircon standard 91500 during the course of this study
yielded a weighted mean of 8'*0 = 10.3 = 0.4 permil (2SD), which is consistent within
errors with the reported value of 9.9 * 0.3 permil (Wiedenbeck and others, 2004).
Zircon oxygen isotopic data are listed in table 4.

Zircon Lu-Hf Isotopes

In situ zircon Lu-Hf isotopic analyses were carried out on a Neptune multi-
collector ICP-MS equipped with a Geolas-193 laser-ablation system at IGG-CAS. Lu-Hf
isotopic analyses were conducted on the same zircon grains that were previously
analyzed for U-Pb and O isotopes, with ablation pits of 60 um or 44 wm in diameter,
ablation time of 26 seconds, repetition rate of 8 Hz, and laser beam energy density of
10 J/cm?. Detailed analytical procedures were similar to those described by Wu and
others (2006). Measured '7®Hf/!7"Hf ratios were normalized to "*Hf/'""Hf = 0.7325.
Further external adjustment was not applied for the unknowns because our deter-
mined "°Hf/'7"Hf ratios for zircon standards Mud Tank (0.282496 = 0.000005) and
GJ-1 (0.282003 = 0.000008) were in good agreement within errors with the reported
values (Woodhead and Hergt, 2005; Griffin and others, 2006; Morel and others, 2008).
Zircon Hf isotopic data are listed in table 4.

RESULTS

Whole-rock Geochemical Characteristics

The Dabusushan and Naimumaodao granites.—The gneissic two-mica granites from
the Dabusushan and Naimumaodao plutons show similar geochemical characteristics.
They are notably high in SiO, ranging from 73.9 to 80.0 weight percent, but low in
TiO,, Fe,05", MgO and CaO (table 1). These samples have highly variable abundances
of K,O (0.89-7.95 wt.%) and Na,O (2.06-4.83 wt.%), and the total K,O+Na,O ranging
from 4.71 to 10.01 weight percent, and most of them have K,O > Na,O. Their A/CNK
[molar Al,O3/(CaO + Na,O + K,O)] values range from 0.95 to 1.56, and most of
them plot into the peraluminous field (fig. 5B).

The granites have similar chondrite-normalized REE patterns showing light rare
earth element (LREE) enrichment and strong negative Eu anomalies, apart from
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TAaBLE 4
In situ zircon Hf-O isotopic results for the Neoproterozoic rocks from Alxa Block
Sample Age oLy ToHF 20 ent) 20 Tou" 670 26
Spot  (Ma) '""Hf  '""Hf (Ma)  (%o)

09ALS3 Dabusushan two-mica granite
1.1 914  0.000953 0.282222 0.000016 0.1 0.6 1785 8.23 0.24
1.2 914  0.001548 0.282274 0.000017 1.6 0.6 1691 n.d.
2.1 914  0.000829 0.282247 0.000015 1.1 0.5 1724 1137 0.21
3.1 914  0.000530 0.282156 0.000016 -1.9 0.6 1916 11.17 0.32
4.1 914  0.001895 0.282259 0.000017 0.9 0.6 1737 9.65 0.31
5.1 914 0.001189 0.282246 0.000014 0.8 0.5 1741 10.73 0.19
6.1 960 0.001877  0.282231 0.000019 0.9 0.7 1774 10.44 0.17
7.1 914  0.001551 0.282245 0.000017 0.6 0.6 1756 10.67  0.29
8.1 914  0.000727 0.282242 0.000018 1.0 0.6 1730 1144  0.12
9.1 914  0.000750 0.282172 0.000016 -1.5 0.6 1890 12.10 0.25
10.1 914 0.001372 0.282280 0.000015 1.9 0.5 1671 9.68 0.18
11.1 914  0.000294 0.282111 0.000017 -3.4 0.6 2008 10.64 0.20
12.1 914  0.000923 0.282187 0.000015 -1.1 0.5 1863 11.15 0.23
13.1 914  0.000841 0.282192 0.000017 -0.8 0.6 1848 11.60 0.24
14.1 914  0.000265 0.282155 0.000014 -1.8 0.5 1909 11.14 0.24
15.1 914  0.001790 0.282236 0.000017 0.1 0.6 1785 9.49 0.24
16.1 914  0.002019 0.282233 0.000018 -0.1 0.6 1802 9.8 0.27
17.1 914  0.001098 0.282327 0.000019 3.8 0.7 1552 1046 0.24
18.1 914  0.000470  0.282209 0.000012 0.0 04 1796 1091  0.20
09AL62 Dabusushan two-mica granite
1 909 0.000416 0.282092 0.000012 -4.2 0.4 2058 9.38 0.24
2 909  0.000562 0.282113 0.000014 -3.6 0.5 2018 945 0.26
3 909  0.000972 0.282228 0.000016 0.3 0.6 1774 10.96  0.28
4 909  0.001467 0.282141 0.000017 -3.1 0.6 1988 9.61  0.19
5 909 0.001475 0.282190 0.000014 -1.4 0.5 1880 10.62 0.20
6 909  0.001270 0.282156 0.000017 -2.5 0.6 1948 10.19 0.20
7 909 0.001425 0.282159 0.000016 -2.5 0.6 1948 9.23 0.23
8 909  0.001281 0.282148 0.000018 -2.8 0.6 1966 9.69  0.24
9 909 0.001144 0.282162 0.000015 -2.2 0.5 1931 996 0.30
10 909  0.000734 0.282137 0.000017 -2.8 0.6 1970 10.75 0.14
11 909  0.000376 0.282124 0.000021 -3.1 0.8 1986 10.86 0.21
12 909  0.000995 0.282167 0.000015 -1.9 0.5 1913 10.58 0.37
13 909 0.001165 0.282193 0.000014 -1.1 0.5 1860 9.93  0.19
14 909  0.002368 0.282267 0.000020 0.8 0.7 1741 12.08 0.19
15 909  0.001607 0282139 0.000017 -3.3 0.6 1999 1122  0.22
16 909  0.000686  0.282041 0.000014 -6.2 0.5 2184 10.46 0.15
17 909  0.000988 0.282125 0.000015 -3.4 0.5 2008 10.67 0.24
18 909 0.001451 0.282193 0.000017 -1.3 0.6 1871 10.35 0.27
19 909  0.000593 0282140 0.000014 -2.6 0.5 1959 1041  0.11
20 909  0.000728 0.282127 0.000013 -3.2 0.5 1992 10.58 0.24
09AL101 Naimumaodao two-mica granite
1 929  0.001341 0.282143 0.000013 -2.5 0.5 1968 10.58 0.19
2 929  0.001295 0.282209 0.000014 -0.2 0.5 1818 9.49 0.18
3 929  0.000939 0.282206 0.000013 -0.1 0.4 1811 1126 0.22
4 929  0.001364 0282159 0.000011 -2.0 0.4 1934 11.89 0.21
5 929  0.000698 0.282169 0.000012 -1.2 04 1886 11.77  0.13
6 929 0.001288 0.282181 0.000014 -1.2 0.5 1881 11.41 0.24
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TAaBLE 4
(continued)
Age  "Lu OHf 26 gydt) 26 Tpy© 8"0 26
(Ma) '"Hf "THf (Ma) _ (%o)
09AL101 Naimumaodao two-mica granite
7 1613 0.001833  0.281965 0.000013 54 0.5 1993 9.73 0.12
8 929  0.001710 0.282187 0.000021 -1.2 0.7 1884 8.60 0.20
9 929  0.000649 0.282188 0.000038 -0.5 1.3 1841 12.07 0.20
10 929  0.000412  0.282206 0.000014 0.3 0.5 1790 9.77 0.21
11 1590  0.000936  0.281932 0.000019 4.6 0.7 2022 6.26 0.21
12 1827  0.001181 0.281736  0.000015 2.6 0.5 2334 8.22 0.22
13 929  0.002636  0.282239 0.000018 0.1 0.6 1803  11.41 0.24
14 929  0.001614 0.282219 0.000016 0.0 0.6 1808 8.60 0.19
15 929  0.000746  0.282212 0.000016 0.3 0.6 1790 11.29 0.16
16 929  0.000980 0.282127 0.000015 -2.9 0.5 1989  11.63 0.22
17 929  0.001646  0.282205 0.000022 -0.6 0.8 1841 12.13 0.16
18 929  0.000615 0.282184 0.000013 -0.6 0.5 1847 11.13 0.19
19 929  0.001322  0.282174 0.000013 -1.4 0.4 1898  10.15 0.20
20 929  0.000889  0.282164 0.000014 -1.5 0.5 1903 11.08 0.18
21 929  0.000300 0.282182 0.000011 -0.5 0.4 1839 n.d.
22 929  0.002665 0.282192 0.000011 -1.7 0.4 1911 n.d.
09AL93 Gelintaishan amphibolitic gneiss
1 1464 0.000930 0.282046 0.000025 6.0 0.9 1842 5.20 0.20
2 1368 0.002090 0.282218 0.000029 89 1.0 1581 11.66 0.21
3 1243 0.000961 0.282115 0.000024 3.5 0.8 1827 6.19 0.29
4 1123 0.001714 0.282271 0.000026 59 09 1583 10.84 0.22
5 1119  0.000684 0.282257 0.000026 6.1 0.9 1568  10.05 0.23
6 929  0.000562 0.282190 0.000026 -0.4 0.9 1832 7.85 0.20
7 1188  0.000984 0.282277 0.000027 8.0 1.0 1495 8.03 0.16
8 1420 0.001469 0.282084 0.000027 5.8 1.0 1817 9.15 0.22
9 1108  0.000799 0.282331 0.000028 8.4 1.0 1411 7.71 0.18
10 1844 0.000200 0.281462 0.000027 -5.5 1.0 2856 8.17 0.19
11 920  0.001345 0.282188 0.000027 -1.1 1.0 1926  10.09 0.16
12 1371 0.001548 0.282209 0.000032 9.1 1.1 1566 6.65 0.18
13 1208  0.002500 0.282146 0.000023 2.6 0.8 1858  10.33 0.19
14 907  0.001865 0.282124 0.000029 -4.0 1.0 2044 7.67 0.20
15 905  0.000789 0.282223 0.000029 0.1 1.0 1782 7.40 0.26
16 1344 0.001360 0.282256 0.000031 10.4 1.1 1465 6.74 0.16
17 1590  0.001189 0.281966 0.000027 5.6 1.0 1961 5.52 0.19
18 1714 0.001498 0.281761 0.000029 0.7 1.0 2370 5.57 0.18
19 1504  0.000926 0.282071 0.000029 7.7 1.0 1760 5.92 0.18
20 930  0.001034 0.282152 0.000020 -2.0 0.7 1935 791 0.16
21 935  0.000857 0.282278 0.000030 2.7 1.0 1641 7.33 0.19
22 1042 0.000386 0.282182 0.000029 19 1.0 1772 8.27 0.19
23 1488  0.001256 0.282072 0.000027 7.1 1.0 1788 8.36 0.25
24 1195  0.000902 0.282036 0.000038 -0.3 1.3 2032 5.54 0.17
25 969  0.000280 0.282113 0.000029 -2.0 1.0 1968 9.78 0.20
26 1176~ 0.001208 0.282210 0.000025 53 0.9 1664 5.82 0.15
27 1531  0.000618 0.281994 0.000021 59 0.7 1896 5.93 0.21
28 1410  0.001461 0.282059 0.000031 4.7 1.1 1879 7.70 0.26
29 1244 0.000326 0.282244 0.000028 8.7 1.0 1498 6.22 0.21
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TaBLE 4
(continued)
Sample Age  °Lu OHf 26 eydt) 20 Tpy© +£26
Spot (Ma) THE THE

Standard reference GJ-1

GJ-101 0.000252  0.281960  0.000018
GJ-102 0.000245 0.282010  0.000014
GJ-103 0.000254 0.281986  0.000017
GJ-1 04 0.000251 0.282015  0.000014
GJ-105 0.000256  0.281999  0.000016
GJ-106 0.000247  0.282037  0.000015
GJ-107 0.000254  0.282024  0.000015
GJ-108 0.000251  0.281999  0.000017
GJ-1 09 0.000262 0.282025  0.000016
GJ-110 0.000248 0.282027  0.000015
GJ-111 0.000234  0.282021  0.000015
GJ-112 0.000240  0.281992  0.000013
GJ-113 0.000251 0.281995  0.000013
GJ-1 14 0.000236  0.282011  0.000012
GJ-115 0.000251 0.281974  0.000019
GJ-116 0.000254  0.282000  0.000019
GJ-117 0.000257 0.281994  0.000017
GJ-118 0.000235 0.282012  0.000017
GJ-119 0.000253  0.281988  0.000017
GJ-120 0.000254 0.281994  0.000011
GJ-121 0.000259 0.281984  0.000019
GJ-122 0.000256  0.281983  0.000018
GJ-123 0.000253  0.282012  0.000020
Standard reference Mud Tank

MUD 01 0.000046 0.282489  0.000013
MUD 02 0.000042 0.282499  0.000012
MUD 03 0.000044 0.282480  0.000013
MUD 04 0.000045 0.282480  0.000013
MUD 05 0.000086 0.282502  0.000013
MUD 06 0.000046  0.282495  0.000012
MUD 07 0.000033  0.282501  0.000012
MUD 08 0.000051 0.282508  0.000013
MUD 09 0.000033  0.282507  0.000012
MUD 10 0.000032  0.282476  0.000010
MUD 11 0.000047 0.282491  0.000011
MUD 12 0.000048 0.282495  0.000009
MUD 13 0.000050 0.282491  0.000011
MUD 14 0.000034 0.282498  0.000010
MUD 15 0.000032  0.282485  0.000014
MUD 16 0.000046  0.282493  0.000014
MUD 17 0.000038  0.282485  0.000016
MUD 18 0.000037 0.282514  0.000015
MUD 19 0.000046  0.282514  0.000013
MUD 20 0.000044  0.282510  0.000015
MUD 21 0.000032  0.282507  0.000013
MUD 22 0.000044  0.282504  0.000012
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TABLE 4
(continued)

Sample Age  "Lu TOHf 26 eyft) 26 Tpu~ 870 26
Spot (Ma) ""Hf THE (Ma)  (%o)
Standard reference Penglai

Penglai 01 5.26 0.26
Penglai 02 5.39 0.17
Penglai 03 5.26 0.32
Penglai 04 5.29 0.20
Penglai 05 5.27 0.20
Penglai 06 5.31 0.19
Penglai 07 5.31 0.23
Penglai 08 5.26 0.21
Penglai 09 5.31 0.20
Penglai 10 5.33 0.23
Penglai 11 542 0.22
Penglai 12 5.13 0.16
Penglai 13 5.30 0.23
Penglai 14 5.33 0.20
Penglai 15 5.31 0.23
Penglai 16 5.38 0.18
Penglai 17 5.22 0.18
Penglai 18 5.14 0.27
Penglai 19 5.66 0.20
Penglai 20 5.10 0.19
Penglai 21 5.34 0.26
Penglai 22 5.40 0.21
Penglai 23 5.18 0.23
Penglai 24 5.09 0.20
Penglai 25 5.25 0.15
Penglai 26 5.44 0.23
Penglai 27 5.41 0.30
Penglai 28 5.38 0.22
Penglai 29 5.40 0.20
Penglai 30 5.34 0.17
Penglai 31 5.07 0.20
Penglai 32 5.09 0.26
Penglai 33 5.36 0.20
Penglai 34 5.40 0.24
Penglai 35 5.31 0.26
Penglai 36 5.35 0.27
Penglai 37 5.39 0.23
Penglai 38 5.20 0.22
Penglai 39 5.53 0.22
Penglai 40 5.06 0.25
Penglai 41 5.22 0.19
Penglai 42 5.15 0.26
Penglai 43 5.45 0.24
Penglai 44 5.36 0.18
Penglai 45 5.39 0.22
Penglai 46 5.51 0.27
Penglai 47 5.24 0.15
Penglai 48 5.25 0.24
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TAaBLE 4
(continued)
Sample  Age Ly 7S£ 26 ep(t) 20 Ton" 8%0 +20
Spot  (Ma) '"Hf  ''Hf (Ma)  (%o)

Standard reference Penglai
Penglai 49 4.99 0.18
Penglai 50 5.34 0.21
Penglai 51 5.49 0.23
Penglai 52 5.20 0.25
Penglai 53 5.20 0.21
Penglai 54 5.42 0.21
Penglai 55 5.34 0.14
Penglai 56 543 0.10
Penglai 57 5.10 0.18
Penglai 58 5.35 0.16
Standard reference 91500
91500 01 10.12 0.21
91500 02 10.33 0.22
91500 03 10.20 0.18
91500 04 10.16 0.30
91500 05 10.64 0.25

n.d. = not determined. . _ ) )

ene(t) = 10000{[(""°HE/""HE, — ("°Lu/'"7HO, X (N = DI/[(7°HE/HE) groreoy — (7°Lu/
177Hf)CHUR X (e)\t _ 1)] ‘_ 1, YbM — 1/>\ X 1I1{1 + [(176Hf/177Hf)s _ (176Hf/177Hf)DN[‘]/|:(176L’u/177Hf-')S _
(176Lu/177Hf)DM]}; TI)ML =Tpm — (Tpy — 0) X [f. — £/ (f. — fI)M)];ﬁAl/Hf = (I%LU/IWHDS/(NOLU/
YTHE) cur — 1; where, fec, fs and £y, are the f} o/ 11r values of the continental crust, zircon sample and the
depleted mantle; subscript S = analyzed zircon sample, CHUR = chondritic uniform reservoir; DM =
depleted mantle; t = crystallization time or metamorphic time of zircon; X = 1.867 X 10~ year ', decay
constant of '"®Lu (Soderlund and others, 2004); 7SHf/'"7Hf,,,, = 0.28325; '"°Lu/!""Hf},,, = 0.0384;
present-day '"*Hf /""" Hf oy yup ) = 0.282772; '7°Lu/ " "Hf ¢yyup = 0.0332; '7°HE/'"Hf ., = 0.015.

sample 09AL66 that have the lowest abundances of total REE and positive Eu anomaly
(fig. 6A), which is likely attributed to apatite fractionation and feldspar accumulation.
In the primitive mantle-normalized spidergram, the granites show strong enrichment
in Th, but pronounced negative anomalies in Nb, Ta, P and Ti relative to the neighbor
elements (fig. 6B).

Nine samples were selected for whole rock Sm-Nd isotope analyses. The Dabusu-
shan and Naimumaodao two-mica granites have €y4(t) values ranging from —10.1 to
—4.5 and —5.8 to —b5.3, corresponding to two-stage Nd mode ages (Top,,) of 2.38 to
1.93 Ga and 2.05 to 2.01 Ga (fig. 7), respectively.

The Gelintaishan amphibolitic gneiss.—T'wo amphibolitic gneisses samples from the
Gelintaishan were analyzed for major and trace elements. They show low values in SiO,
(48.8-52.5 wt.%), TiO, (0.54-0.85 wt.%), K,O (2.2-3.1 wt.%), Na,O (0.37-0.39 wt.%)
and FeQO?,T (4.1-4.9 wt.%), high values in MgO (13.0-13.3 wt.%) and CaO (13.5-19.0
wt.%), and variable Al,O4 values (7.7-14.4 wt.%). They have similar REE partition
patterns showing LREE enrichment and moderate negative Eu anomalies (fig. 6C). In
the primitive mantle-normalized spidergram, these two gneisses show strong enrich-
ment in Th, but pronounced negative anomalies in Nb, Ta, P and Ti relative to the
neighbor elements (fig. 6D).

The characteristics of high CaO and MgO but extreme depletion in Cr, Ni and
Fe,O;" of the amphibolitic gneisses are different from those of igneous basaltic rocks
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Fig. 5. Plots of (A) SiO, vs. P,O5 and (B) A/CNK vs. A/NK for the Neoproterozoic granites.

(Rollinson, 1993). On the TiO, versus MnO diagram of Mirsa (1971), the two samples
plot into the sediments field (fig. 8), and they have negative DF3 values (table 1),
indicative of sedimentary origins (Shaw, 1972). This chemical discrimination is consis-
tent with their intercalation with other metasedimentary rocks in the field.

Zircon U-Pb Ages

The Dabusushan two-mica granite (09AL53 and 09AL62).—Zircon grains separated
from sample 09AL53 are mostly euhedral to subhedral, with lengths of ~100 to 250
pm, and length to width ratios of 2:1 to 4:1. Most grains show oscillatory zoning under
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Fig. 7. Whole rock Nd model ages for the Neoproterozoic granites.

CL (fig. 9). Nineteen analyses were obtained from 18 grains, yielding U and Th
contents of 74 to 630 ppm and 18 to 170 ppm, respectively, with Th/U ratios of 0.07 to
1.62 (mostly of 0.40-1.16). Sixteen analyses are concordant with U/Pb ratios within
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Fig. 8. Discrimination diagram of MnO wvs. TiO, (Misra, 1971) for distinguishing meta-igneous from
metasedimentary rocks.
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Fig. 9. Cathodoluminescence images of representative zircons for in situ analyses of U-Pb and/or Hf-O
isotopes. Small ellipses indicate the SIMS analytical spots for U-Pb and/or O isotopes, and large circles
denote the LA-MC- ICPMS analytical spots for Lu-Hf isotopes. Numbers near the analysis spots are the U-Pb
ages (Ma) and gy(t) / 380 values. The white scale bars are 100 wm long.

analytical errors (fig. 10A), yielding a weighted mean 206p, /238y age of 914 = 6 Ma
(MSWD = 0.23, 95% confidence interval), which is interpreted as the crystallization
age of this sample. Two analyses (spots 1.2 and 4.1) show slightly younger ages than the
main population, probably due to radiogenic Pb loss. Spot 6.1 has a **°Pb/***U age of
960 * 13 Ma, which is considered as the formation age of a xenocryst.

Most zircon grains from sample 09AL62 are euhedral to subhedral, with lengths of
~100 to 250 pm, and length to width ratios of 2:1 to 3:1. Most grains show oscillatory
zoning under CL (fig. 9). Twenty analyses were obtained from 20 grains, yielding U
and Th contents of 83 to 426 ppm and 19 to 206 ppm, respectively, with Th/U ratios of
0.14 to 1.33. Among them, fourteen analyses have concordant U-Pb ages within
analytical errors (fig. 10B), yielding a weighted mean *°°Pb/?**U age of 909 = 7 Ma
(MSWD = 0.54, 95% confidence interval), which is interpreted as the crystallization
age of this sample. The remaining six analyses show slightly younger ages than the
main population, probably due to radiogenic Pb loss.

The Naimumaodao two-mica granite (09AL101).—Most zircon grains from this sample
are euhedral to subhedral, with lengths of ~100 to 250 um and length to width ratios
of ~2:1, and show oscillatory zoning under CL (fig. 9). Twenty-two analyses were
obtained from 22 grains, yielding U and Th contents of 95 to 470 ppm and 32 to 197
ppm, respectively, with Th/U ratios of 0.09 to 0.84. Among them, seventeen analyses
have concordant U-Pb ages within analytical errors, yielding a weighted mean **°Pb/
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formation age from 09AL93, (F) the youngest weighted age from 09AL93. Data-point error ellipses are 20.

80U age of 929 + 6 Ma (MSWD = 0.83, 95% confidence interval) (fig. 10C), which is
interpreted as the crystallization age of this sample. Spots 7, 11 and 12 yielded
significantly old 2*’Pb/2°°Pb ages of 1613 Ma, 1590 Ma and 1827 Ma, respectively,
which are interpreted to be the formation age of xenocrysts. The remaining two
analyses (spots 2 and 8) show slightly younger ages than the main population, probably
due to radiogenic Pb loss.

The Gelintaishan amphibolitic gneiss (09AL93).—Zircon grains separated from this
sample have lengths of ~50 to 100 wm and length to width ratios of ~2:1. The crystal
morphologies vary from euhedral, stubby and sub-rounded, and most zircons show
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oscillatory zones under CL (fig. 9). Twenty-nine and 79 analyses were obtained from
108 grains by SIMS and LA-ICPMS technique, respectively, yielding U and Th contents
of 20 to 675 ppm and 40 to 706 ppm, respectively, with Th/U ratios of 0.08 to 2.14.

On the U-Pb Concordia diagram, all but two analyses plot at or near the
Concordia curve (fig. 10D). Three analyses are older than 2.0 Ga, and the remaining
105 analyses yield 2°7Pb/2%Pb ages between 1844 and 901 Ma, with four major age
peaks at ~0.91 Ga, ~1.19 Ga, ~1.42 Ga and ~1.84 Ga (fig. 10E). Nine youngest
analyses have concordant U-Pb ages within analytical errors, yielding a weighted
205ph /238U age of 914 = 8 Ma (MSWD = 1.17, 95% confidence interval) (fig. 10F).
These zircons have Th/U < 1, consistent with zircons crystallized from felsic melts
(Heaman and others, 1990). Thus, they are most likely detritus in origin, and their age
of 914 * 8 Ma provides a maximum depositional age of the Deerhetongte Formation.

Zircon Hf-O Isotopes

The Dabusushan and Naimumaodao granites.—In situ LA-MC-ICPMS Lu-Hf isotopic
analyses were conducted on the zircon grains that were previously analyzed for U-Pb
and O isotopes by SIMS. The magmatic zircons have age-corrected &y(t) values
ranging from —3.4 to +3.8, —6.2 to +0.8 and —2.9 to +0.3, corresponding to two-stage
zircon Hf model ages (Tp,©) of 2.01 to 1.55 Ga, 2.18 to 1.74 Ga and 1.99 to 1.79 Ga, for
samples 09AL53 and 09AL62 from the Dabusushan pluton and sample 09AL101 from
the Naimumaodao pluton, respectively (table 4).

The measured §'°0 values for magmatic zircons from these Neoproterozoic
granites show a wide range of 8.2 to 12.1 permil, 9.2 to 12.1 permil, and 8.6 to 12.1
permil for samples 09AL53, 09AL62 and 09AL101, respectively. All the measured §'O
values from these three samples do not form normal Gaussian distributions (fig. 11),
indicating their heterogeneous oxygen isotopic features.

The Gelintaishan amphibolitic gneiss (09AL93).—Twenty-nine in situ Lu-Hf isotopic
analyses for sample 09A1.93 yield the age-corrected €(t) values ranging from —5.3
to +10.4, and the two-stage zircon Hf model ages (Tpm®) ranging from 2.45 to 1.29
Ga (table 4). Their measured 8'®O values show a wide range of 5.2 to 11.7 permil. Five
of 6 zircons dated at ~914 Ma have 8O values of 7.3 to 7.9 permil and the
age-corrected €:(t) values of —4.0 to +2.7, and other one (spot 11) gives 3'1%0 =
10.1 permil and g4¢(t) = —1.1. Overall, these 6 zircons have two-stage zircon Hf model
ages (Tpy") ranging from 2.04 to 1.64 Ga.

DISCUSSIONS

Granite Classification and Petrogenesis

As aforementioned, classification of the Neoproterozoic granites in the Alxa Block
is controversial. The Dabusushan and Naimumaodao granites were previously classi-
fied as S-type granites based on their peraluminous characteristics (Geng and others,
2002), such as >1 percent normative corundum, but recently re-classified as A-type
granites based on other trace element characteristics (Geng and Zhou, 2011). It is
noteworthy that these granites are highly evolved, with SiO, = 74 to 80 weight percent,
thus, proper classification based on mineralogy and chemical compositions is usually
ambiguous (for example, Li and others, 2007). On the other hand, apatite shows
different solubility in the strongly peraluminous S-type and metaluminous to weakly
peraluminous I- and A-type granitic melts. P,O5 contents in the I- and A-type granites
decrease with increasing SiOy, whilst PoO5 contents in S-type granites are either
roughly constant or slightly increase with increasing SiO, contents because apatite is
generally under-saturated in strongly peraluminous melts due to its high solubility (for
example, Chappell, 1999; Li and others, 2007; Bonin, 2007). The Dabusushan and
Naimumaodao granites have high P,O, abundance (mostly between 0.09 wt.% and
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Fig. 11. Probability plots of zircon 3'%0 values from the Neoproterozoic granites.

0.86 wt.%) at SiO, content even up to 80 weight percent (table 1, fig. 5A), which is
different in comparison to the P,O5 abundance of highly evolved peraluminous I- and
A-type granites, but similar to those of the S-type granites in the South China and
Lachlan Fold Belt in Australia (Chappell, 1999; Li and others, 2007). Moreover, these
rocks have high zircon 8'®0 values of ca. 8.2 to 12.1 permil, corresponding to the
calculated magmatic 8'%0 values of ca. 10.5 to 14.3 permil based on the relationship
between zircon and whole-rock §'%0 values (Valley and others, 2005). These 3180
values are comg)arable with those (8'°0 > 10 %o) of most S-type granites, but higher
than those (8'°0 = 6-10 %o) of I-type granites (for example, O’Neil and Chappell,
1977). Xenocryst zircons are common in these samples (this study and Geng and
Zhou, 2010), similar to most S-type granites (for example, Keay and others, 1999). All
these lines of evidence indicate that these Neoproterozoic granites can be classified as
S-type granites. This is consistent with melts derived from metagraywackes or metapelites
(fig. 12). Although Geng and Zhou (2010) noted that some granites show high
10000Ga/Al values (>2.6), almost all of them have low FeOT/MgO values (<10) (fig.
13) and low (Zr +Nb +Ce +Y) contents (<350 ppm) (this study and Geng and Zhou,
2010). Thus, they should not be classified as A-type granites (Bonin, 2007).

In recent years, some researchers reported that a few S-type granites contain
mantle-derived materials (for example, Healy and others, 2004; Zhu and others, 2009)
and/or intracrustal components based on in situ zircon Hf-O isotopes (Appleby and
others, 2010). The granites in this study have zircon 8'*0O > 8 permil, obviously higher
than mantle-derived materials with zircon 8'®0 = 5.3 permil, suggesting these rocks
were most likely sourced from supracrustal rocks without any detectable mantle
components. Each single sample shows a wide variation in the value of zircon §'°O
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(about 3-4 & units) (fig. 11), together with a large variation of zircon €y(t) values,
especially for the Dabusushan granites (up to 10 € units) (fig. 14). Such large O-Hf
isotopic variations imply highly variable compositions of the granite sources. This
interpretation is consistent with the highly variable whole-rock Nd isotopic composi-
tions, such as the Dabusushan granites (fig. 7), and very large chemical variations on
the diagram of Al,O3/(MgO +FeO ) vs. CaO/(MgO +FeO~) (fig. 12). The zircon
O-isotope data further suggest that there are at least two crustal sources involved in
these rocks. While the high zircon 'O value (12.1 %o) represents a supracrustal
source, the low zircon 8'®0 value (8.2 %o) probably indicates an infracrustal compo-
nent. This infracrustal component should account for only a small proportion,
because there are only a few of zircons that have relatively low §'*O values (8.2-8.6%o0)
in the granites. Furthermore, their Nd model ages (ca. 2.4-1.9 Ga) suggest these
granites were generated by melting of Paleoproterozoic materials with little, if any,
involvement of Archean components.

Tectonic Setting for the Neoproterozoic S-type Granites

The Neoproterozoic granites in the Alxa Block were previously considered to have
been formed either in a syn-collisional, or post-collisional setting (Geng and others,
2002; Geng and Zhou, 2011). Itis noted that the S-type granites can also be formed in
non-orogenic settings (for example, Li and others, 2003; Collins and Richards, 2008).
For instance, the ca. 825 to 820 Ma S-type granites in South China are interpreted to be
formed by remelting of supracrustal components related to mantle plume activities
(for example, Li and others, 2003). This possibility, however, can be ruled out for the
genesis of the Neoproterozoic S-type granites in the Alxa Block, because (1) the coeval
basaltic rocks which are predominant in the large igneous provinces (LIPs) are not
observed in this area, and (2) there is no evidence for existence of a ca. 930 to 910 Ma
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mantle plume or superplume in the Alxa Block or adjacent areas. Furthermore, these
granites underwent strong deformation, especially the sub-solidus deformation, suggest-
ing they were formed in a compressional environment (Paterson and others, 1989;
Bouchez and others, 1992).

An alternative possibility is that these Neoproterozoic S-type granites were formed
in the continental arc, such as that in the Lachlan Fold Belt in Australia (for example,
Chappell and White, 1992). The S-type granites formed in this tectonic setting
commonly contain some mantle-derived melts and/or intracrustal materials (for
example, Healy and others, 2004; Zhu and others, 2009), or sometimes they are
sourced from relatively young volcanogenic meta-sedimentary rocks (for example,
Jeon and others, 2012). In contrast, the early Neoproterozoic S-type granites in the
Alxa Block were produced by remelting of predominantly mature supracrustal materi-
als. Coeval I-type granites, which are commonly considered to be produced in
subduction zones (Barbarin, 1999), have not been recognized in the region. It is noted
that five detrital zircons dated at ca. 914 Ma from the amphibolite sample 09AL.93 have
5180 value of 7.3 t0 7.9 permil, which are consistent with those of zircon 5180 values for
most I-type granites, but clearly lower than the zircon 8'®O value of 8.2 to 12.1 permil
for the studied Neoproterozoic S-type granites. These zircons are all rounded in shape
(fig. 9), suggesting a long-distance transportation from their sources. Thus, until now,
no evidence suggests that coeval, arc-related I-type granites exist in the Alxa Block,
although the continental arc setting for the Neoproterozoic S-type granites cannot be
entirely excluded.

Based on the available data, the Alxa Neoproterozoic S-type granites were most
likely generated by remelting of dominant (meta)sedimentary rocks in an orogenesis-
related compressional environment. This interpretation is consistent with the regional
angular unconformity between the metamorphosed Alxa Group and un-metamor-
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Fig. 14. Plot of g;1(t) values vs. 8'®0 values for the magmatic zircons from the Neoproterozoic granites.

phosed Neoproterozoic sedimentary sequences (NMBGMR, 1991; Chen and others,
2004), although the age of this unconformity is not exactly defined.

Implication for the Tectonic Affinity of Alxa Block

The Alxa Block has long been thought as the westernmost part of NCC (Ren and
others, 1987; Wu and others, 1998; Kusky and Li, 2003; Zhao and others, 2005), with
the Archean basement rocks exposed in the eastern margin of the Alxa Block
(NMBGMR, 1991). However, recent SIMS U-Pb zircon dating results indicate that both
the Bayanwulashan and the Diebusige complexes, which were considered as the oldest
rocks of the Alxa Block (NMBGMR, 1991), were formed in the Early Paleoproterozoic,
not Archean (Dan and others, 2012b). Thus, we suggested that the Alxa Block is
neither the western extension of the Archean Yinshan Block (Zhao and others, 2005;
Zhao, 2009), nor part of the Late Paleoproterozoic Khondalite Belt (Dong and others,
2007; Geng and others, 2010) based on their discrepancy in the Paleoproterozoic
geology (Dan and others, 2012b). However, the newly-identified ~2.5 Ga granitic
gneisses in the western Alxa Block and ~1.85 Ga metamorphism in the Beidashan and
Longshoushan complexes (Gong and others, 2011, 2012) imply that the Alxa Block
might be a part of the NCC or adjacent to the NCC during assembly of the Columbia
supercontinent. Thus, the relationship between the Alxa Block and the NCC during
the Paleoproterozoic time awaits further investigations.

Our integrated U-Pb and Hf-O data in this study suggest that the Neoproterozoic
geology in the Alxa Block is different from the NCC. The Neoproterozoic mafic dykes
mostly formed at ca. 925 to 900 Ma in the central and eastern NCC (Gao and others,
2009; Peng and others, 2011a, 2011b; Wang and others, 2012a), which are considered
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as a part of a large igneous province (Peng and others, 2011a). A younger ca. 830 Ma
mafic magmatism, identified in the southern margin of the NCC, was also considered
as the manifestation of continental break-up (Wang and others, 2011). Contrarily, the
ca. 930 to 910 Ma S-type granites in the Alxa Block were most likely formed in an
orogenesis-related compressional setting, clearly different from those rift-related ca.
925 to 900 Ma mafic dikes in central and eastern NCC.

There is a sharp contrast in the age patterns of detrital zircons from the
Meso-Neoproterozoic metasedimentary rocks between the Alxa Block and the NCC.
The detrital zircon ages from the Alxa Block are mostly around ~1.85 to 0.91 Ga (only
4% of detrital zircons are older than 1.85 Ga), with peaks at ~965 Ma, ~1117 Ma,
~1199 Ma and ~1433 Ma (fig. 15C). In contrast, the detrital zircon ages from the NCC
are mostly between ~2.8 Ga and 1.2 Ga, with age peaks at ~2.7 Ga, ~2.5 Gaand ~1.85
Ga (for example, Hu and others, 2009; Wan and others, 2011; Sun and others, 2012).
In the Zhuozishan area of western NCC, adjacent to the Alxa Block (fig. 2), the detrital
zircon ages from the Mesoproterozoic-Cambrian sedimentary rocks are ~2.8 to 1.7 Ga,
with peaks at ~2.7 Ga, ~1.95 Ga, ~2.0 to 2.1 Ga and ~2.37 Ga (fig. 15A) (Darby and
Gehrels, 2006). Thus, the detrital zircon population from the Meso-Neoproterozoic
strata in the Alxa Block is clearly in contrast to the NCC. The small portion of >1.85 Ga
detrital zircons in the Alxa Block suggests limited Paleoproterozoic rocks exposed in
this block, implying that most of the Alxa Block could have been formed later than the
Archean NCC.

Thus, the Alxa Block is likely a separated terrane from the NCC at least during the
Late Precambrian time. The timing of the assemblage between the Alxa Block and
NCC can be inferred from comparison of detrital zircon age patterns from the
Mesoproterozoic-Early Paleozoic strata between the western margin of the NCC and
the Alxa Block (Darby and Gehrels, 2006; Zhang and others, 2012). In the Zhuozishan
area (fig. 2), all detrital zircon ages from the Mesoproterozoic-Cambrian Ordovician
sedimentary rocks are older than 1.7 Ga (fig. 15A), and the Ordovician sediments show
two additional age peaks at ~2.7 Ga and ~2.6 Ga (fig. 4 in Darby and Gehrels, 2006),
implying a different provenance. In contrast, the detrital zircons from the Helanshan
Ordovician sediments are mostly between 1.2 and 0.9 Ga (Zhang and others, 2012),
with obvious age peak at ~910 Ma and ~955 Ma (fig. 15B). These results suggest that
the provenances for the sedimentary rocks in the western margin of the NCC changed
significantly in a short time between Cambrian and Ordovician. The detrital age
pattern from the Helanshan Ordovician sediments, especially the predominantly ages
between 1.2 and 0.9 Ga (fig. 15B), is similar to that of the Meso-Neoproterozoic
sedimentary rocks from the Alxa Block (fig. 15C). This similarity implies that the
Ordovician sediments in the Helanshan area were probably derived from the Alxa
Block. An alternative provenance for the Ordovician sediments in the Helanshan is
likely the Central Qilian Block. However, the Paleozoic North Qilian arc, which was
located between the Central Qilian Block and Alxa Block, would obstruct the Central
Qilian Block as a major provenance (Zhang and Others, 2012). Thus, the Alxa Block
and the NCC were probably amalgamated during the Early Paleozoic (Zhang and
others, 2011, 2012). This suggestion is consistent with a regional angular unconformity
between the Early and Late Paleozoic strata in the western Ordos Block of the NCC (Li
and others, 2012).

Detrital zircon ages of this study and previous works (Li, 2006; Geng and Zhou,
2010) may place constraints on the affinity of the Alxa Block to other continents
worldwide in the Early Neoproterozoic. Figure 16 presents a compilation of Precam-
brian detrital zircon ages for major continents and/or blocks, including the Alxa
Block, Cathaysia and Yangtze blocks of South China, eastern Antarctic, southeastern
Laurentia, western Baltic, northeastern Australia, western Amazonia, and Tarim Block.
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Fig. 15. Detrital zircon age patterns of sedimentary rocks from the Alxa Block and the western Ordos,
North China Craton. (A) Proterozoic-Cambrian sediments from western Ordos (Barby and Gehrels, 2006),
(B) Ordovician sediments from western Ordos (Zhang and others, 2012), (C) (Meso-?) Neoproterozoic
sediments from the Alxa Block (including some xenocryst data from Neoproterozoic igneous rocks; Li, ms,
2006; Geng and others, 2007, 2010; this study).
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Fig. 16. Probability density plots for the detrital zircon ages older than 900 Ma from the Neoproterozoic

sedimentary samples from a number of continents and blocks worldwide. Data Sources: Alxa Block
(including some xenocryst data from Neoproterozoic igneous rocks; Li, ms, 2006; Geng and others, 2007,
2010; this study); Eastern Cathaysia (Yu and others, 2008, 2010); Yangtz (Sun and others, 2009; Wang and
others, 2010; Wang and others, 2012b); Eastern Antarctic (Goodge and others, 2004); Southeastern
Laurentia (Cawood and others, 2003); Western Baltic (Be’eri-Shlevin and others, 2011); Northeastern
Australia (Fergusson and others, 2001, 2007); Western Amazonia (Adams and others, 2008, 2011); Tarim
(Shu and others, 2011; and Zhu and others, 2011). S and N are the number of samples and detrital zircon
ages, respectively. Ages of <1000 Ma and >1000 Ma were calculated from their 2°Pb /23U and 2°7Pb/2°°Pb

ratios, respectively. Ages with concordance = 80% are used.
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The tectono-magmatic events younger than 900 Ma are not discussed here as it is
beyond the scope of this study. Figure 16 presents the detrital zircon age patterns for
the aforementioned continents/blocks. There seems to be a similarity of detrital
zircon age patterns between the Alxa Block and Cathaysia Block of South China (fig.
16), as both blocks exhibit a major age peak at ~960 Ma. Such similarity implies that
the Alxa Block might be affinitive with the Cathaysia Block in Neoproterozoic time, or
sediments in both blocks share similar sources. If this interpretation is correct, this
conjectural orogen could be coeval with the ca. 1.0 to 0.9 Ga Sibao Orogen in South
China (Ye and others, 2007; Li and others, 2009b) and the 990 to 900 Ma high-grade
metamorphic events in both the Eastern Ghats Belt of India and the corresponding
Rayner Province in East Antarctica (Mezger and Cosca, 1999; Boger and others, 2000;
Fitzsimons, 2000; Kelly and others, 2002). Thus, the Alxa Block could have been
involved in the assembly of Rodinia supercontinent (Li and others, 2008).

CONCLUSIONS

We draw the following conclusions based on our new geochronological and
geochemical data:

(1) The Neoproterozoic granites in the Alxa Block are S-type granites formed at
ca. 930 to 910 Ma. They are highly siliceous and were generated by remelting of
predominantly metasedimentary rocks in an orogenesis-related compressional environ-
ment.

(2) The Alxa Block has a distinctive evolution from the North China Craton at
least during the Neoproterozoic, suggesting that the Alxa Block is probably a separate
terrane from the NCC during this time.

(3) Detrital zircon age data indicate that the Alxa Block is likely affinitive with the
Cathaysia Block of South China in the Neoproterozoic time. Whereas, it appears akin
with the NCC since Ordovician, suggesting that the amalgamation between the Alxa
Block and the NCC might take place in the Early Paleozoic time.
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